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ABSTRACT
Golisano Institute for Sustainability
Rochester Institute of Technology
Degree: Doctor of Philosophy

Program: Sustainability

Candidate: Steven T. Barber
Title: Sustainable Applications of Biochar Derived from Waste Food and Paper Feedstocks

There is general agreement in the scientific literature that carbon sequestration is an
important tool to mitigate human-induced climate change, but current methods are lacking
scalability and economic viability. Though charcoal has been a common fuel for millennia, it
has only very recently been purposefully created to sequester carbon. This carbon dense
material, called biochar, has been extensively studied as a soil amendment though less studied
for industrial applications. Chapter 1 provides an in-depth overview and background
discussion of the history and definitions of biochar, distinguishing it from closely related
though often misconstrued terms like charcoal, activated carbon, and carbon black. An
alternative definition is proposed for each term, acknowledging biochar’s long-held value as a
direct soil amendment while framing its future role to help a diverse range of manufacturing
industries reduce their environmental impact, mitigate climate change and enhance
profitability.
Chapter 2 establishes the most extensively used treatment option for high biological
oxygen demand (BOD) wastewaters generated by U.S. food manufacturers is publicly owned
treatment works (POTW) method. POTW facilities pose a significant obstacle to sustainability
iv

efforts since they consume 3-4% of the U.S.’s total electricity production, generating
significant greenhouse gas emissions and passing along an “annual wastewater treatment
surcharge.” It is of interest therefore to develop a more environmentally friendly and less
expensive method for reducing the strength of these effluents at the point of production.
Biochar filters derived from renewable and “free” waste material that would otherwise be
landfilled is proposed as an option. Little is known about biochar’s potential to treat high BOD
organic aqueous food wastes compared to heavy metal ions from traditional manufacturing
effluents. This significant research gap was narrowed by gauging the ability of three wastederived biochars (maple, grapeseed, and soybean curd residue) to lower BOD levels in tofu
whey, dairy, and brewery wastewaters compared to activated charcoal using the ASTM
D3860-98(2020) aqueous phase adsorption capacity isotherm technique. These effluents were
chosen due to their increasing popularity in developing countries, large environmental impact,
and the difficulty encountered in physically removing the BOD-causing protein solutes from
the surrounding liquid. Results indicate that the biochars can reduce BOD levels below 300
mg L-1 to avoid POTW surcharges, though they require greater volume than commercially
available activated carbon. Despite this, widespread adoption of biochar filtration systems by
tofu, dairy, and brewery manufacturers appears realistic if: 1) their total annual cost to operate
is below the firm’s existing POTW surcharge; 2) low interest financing for the equipment is
available; and 3) demand for the nutrient enhanced biochar exists from farmers.
Chapter 3 confirms many U.S. food manufacturers’ desire to mitigate their BOD
effluents impact due to increased risk of financial surcharges from POTWs, water scarcity
issues, and negative societal views of these materials released into public waterways. While
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acknowledging their efficacy, managers are often reluctant to consider on-site processing
without more proof. To overcome this, a lab scale vertically integrated biochar filtration system
was empirically tested and large-scaler outcomes extrapolated. In subsequent studies by plant
scientists, this high BOD filtered maple biochar was successfully re-utilized as a nutrientenriched, value-added soil amendment, dramatically improving crop yields. Here fresh weight
increased >35% in basil and lettuce above the “no biochar” and “unfiltered biochar” control
mixes. This discovery is quite novel since almost all other existing plant/biochar research
studies use unmodified (i.e., non-nutrient loaded) biochar and could help food and beverage
manufacturers sustainably reduce carbon and water footprints by recycling and monetizing
nutrients found in their wastewaters, lowering operating costs. Farmers, in turn, can close
regional nutrient cycles by replenishing soil carbons and increase profits by boosting crop
yields and reducing the amount of synthetic fertilizer, peat moss, and perlite amendments
applied.
Carbon black is the main black colorant in many products including commercial
printing inks. Obtained from fossil fuels, carbon black imparts high quality black prints, but
at a significant global warming cost. Biochar, derived from recycled and renewable resources,
has the potential to replace carbon black in many applications. Chapter 4 begins with a
discussion of consumers’ desire to switch to a more environmentally sustainable ink but are
faced with higher prices, lack of product selection, and print quality concerns. Though much
has been written on the progress and sustainability benefits of vegetable (soy) pigment carriers,
little has been discussed about the creation of a more sustainable pigment itself. Pre-industrial
methods of creating black colorants have largely been forgotten or ignored over the last century
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due to the ease and low cost of producing carbon black from nonrenewable heavy fuel oils and
natural gas. A potential solution was empirically tested evaluating biochar made from used
office copy paper, recyclable and unrecyclable cardboard, surplus U.S currency, and eastern
white pine to replace carbon black pigments found in flexography, lithography, and inkjet
printing inks. Subsequent experiments by other researchers with these biochars showed they
can be formulated into a carbon black alternative when properly functionalized for
dispersibility and impurities (Goh et al., 2021). A possibility exists therefore for pigment and
ink manufacturers to utilize the normally landfilled or burned waste of one process to create
an entirely new category of environmentally sustainable and economically viable commercial
black inks.
In summary, this dissertation focuses on the beneficial environmental, economic, and
social implications of converting “free” waste organic materials to biochar to 1) filter food
processing wastewater, 2) act as a value-added soil amendment in high value crops, and 3)
successfully replace conventional black ink pigments. Chapter 5 synthesizes and concludes the
most important sustainability implications and overall findings from each of these
investigations to food and ink manufacturers. Closing nutrient cycles by filtering food
production effluents at their point of origination with biochar was shown to be a promising
alternative to locations where centralized POTW systems are too expensive or non-existent.
Though not “perfect,” ink produced by finely ground biochar is a compelling option to that
from carbon black in industrial applications when pixilation quality is less of a concern (e.g.,
printing on boxboard, agricultural painting, etc.). Recommendations and suggestions regarding
the future direction of research and policy direction in each sub-field are also provided.
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Chapter 1: Introduction
Background
There is general agreement in the scientific literature that carbon sequestration is an
important tool to mitigate human-induced climate change, but current methods to do so are
lacking in terms of scalability and economic viability. Though charcoal has been a common
fuel for millennia, it has only recently been purposefully created from waste organic materials
to sequester CO2-eq. This carbon rich material, called biochar, has been extensively studied as
a soil amendment while less research has been performed on other promising alternative and
potentially economically viable applications.
The overall theme of the dissertation regards how biochar can most appropriately help
enable a more sustainable (environmentally, economically, and socially) way of life given the
pressing challenge of climate change. More specifically, a series of novel and technologicallybased experiments were performed to understand if biochar and pyrolytic treatments could be
a better way to upcycle food production and paper wastes given a general lack of remediation
innovation in these industries combined with a fast-growing global population producing these
wastes at record amounts. Given this context, the scope of work is divided into two broad
topics, each investigating the potential novel uses of biochar to: 1) filter and recycle organic
nutrients from tofu, dairy, and brewery food production effluents at their point source for reuse
in growing high value crops; and 2) create a new category of sustainable ink pigments from
paper waste biochar that could displace carbon black (currently made by burning nonrenewable heavy fuel oil and natural gas at high temperatures) in boxboard, food packaging,
and other flexography printing applications. These studies were performed by a combination

1

of laboratory experiments at the RIT Golisano Institute for Sustainability (GIS), collaboration
with outside and fellow RIT colleagues and scientists, expert elicitation, and appropriate
industry outreach. Data collected was compared to published results (where available),
analyzed by Minitab statistical software and Excel, and shared with those more knowledgeable
in relevant sub-fields to confirm their overall validity and soundness. Representative high
strength BOD dairy, tofu, and brewery effluents were obtained from working factories and
solid waste organic feedstocks were transformed into biochar under carefully controlled
conditions and subsequently tested for their relevant physicochemical properties.
To position the work in proper context and guide the research efforts described above,
an in-depth literature review was performed beforehand on the various accepted definitions of
biochar and related terminologies. Considering how reputable sources define the words
biochar, charcoal, activated carbon, and carbon black was important because many of these
terms are used interchangeably in common parlance which manifests itself into often subtle
but important disagreements amongst biochar scholars and practitioners as to their exact
meaning. In turn, this has affected the actual research performed in each sub-field by framing
the theoretical perspective investigators have about each word themselves. Google Scholar,
ISI Web of Knowledge, RIT’s proprietary search engine “Summon,” and the IBI publication
databases were independently surveyed. These were chosen for their depth and breadth of
scholarly and peer reviewed publications. Generally accepted grey literature such as that from
the IBI was also included when appropriate. The key findings of those assessments as well as
proposed definitions for biochar related terms are presented here.
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A Brief History of Biochar
It was only recently that the term “biochar” (a blend of terms biomass and charcoal)
came into use (Lehmann & Joseph, 2015). The precursor terms to biochar, “terra preta” or
“black earth,” were first mentioned by Herbert Smith in his 1879 seminal treatise “Brazil, the
Amazons and the Coast” (Figures 1.1, 1.2). Here Smith detailed how rainforest soils are
normally nutrient deprived and unproductive but discovered areas containing high levels of
ancient man-made BC which were much more productive (Figure A.1). Despite best efforts
by archaeologists, the exact method used to create terra preta by these indigenous peoples is
still unknown. Though intriguing at the time, terra preta was mostly overlooked until a century
later in the early 1980s when the term “biomass char” was conceived during research into
gasification technologies because of the oil shocks of the 1970s (Antal, 1983). The term
“biochar” was first coined in the mid-1990s and is a combination of the word’s biomass and
char, which signifies the original BC feedstock is natural and not man-made, an important
distinction. Since then, BC has generally been regarded as a soil amendment, thanks in part to

Figure 1.1 "Brazil, the Amazons and the Coast"
(Smith, 1879)

Figure 1.2 The original discovery site of "Terra Preta"
(Smith, 1879)
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the considerable amount of research performed by Cornell University’s Soil Sciences
department in Ithaca, NY. A U.S. internet word cloud snapshot of the term “biochar” and its
associations are corroborative (Figure A.2). Only recently has BC been considered for use in
catalysis (Dehkhoda et al., 2010), fuel cells (Huggins et al., 2014), microbial fuel cells (Yuan
et al., 2013) and other industrial uses (Bartoli et al., 2020; Hersh et al., 2019). The most
prominent of these is as a low-cost alternative to activated charcoal for the adsorption of heavy
metal ions from industrial wastewaters (Inyang & Dickenson, 2015).

Definitions of Biochar
•

IBI (2022) defines biochar as “a solid material obtained from the carbonization of
biomass…with the intention to improve soil functions and to reduce emissions from
biomass that would otherwise naturally degrade to greenhouse gases. Biochar also has
appreciable carbon sequestration value. These properties are measurable and verifiable
in a characterization scheme, or in a carbon emission offset protocol.”

•

IBI (2022) further defines biochar in its “Product Definition and Specification
Standards” section as “a solid material obtained from thermochemical conversion of
biomass in an oxygen-limited environment . . . can be used as a product itself or as an
ingredient within a blended product, with a range of applications as an agent for soil
improvement, improved resource use efficiency, remediation and/or protection against
particular environmental pollution and as an avenue for greenhouse gas (GHG)
mitigation.”

•

In “The 55 Uses of Biochar,” Schmidt and Wilson (2017) define biochar as a “black
charcoal like substance discussed so often in recent days for its miraculous effects on
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soil and compost . . . and can be integrated into new organic systems for farming,
building, clothing, electronics, and a whole range of consumer products.”
•

Merriam-Webster Online Dictionary (2022) defines biochar as “a form of charcoal that
is produced by exposing organic waste matter (such as wood chips, crop residue, or
manure) to heat in a low-oxygen environment and that is used especially as a soil
amendment.”

•

Scholz et al., (2014) define biochar as “the carbon-rich organic matter that remains
after heating biomass under minimization of oxygen during a process called pyrolysis”
(p. 17).

•

Spokas (2010) describes biochar as “the carbonized product of pyrolysis that is
returned to soil for its benefits for carbon sequestration [and]…soil quality
improvements.” However, “the main purpose for the creation of biochar is its carbon
sequestration potential. From this standpoint, biochar is new in terms of its overall
application and purpose (carbon sequestration), but not in terms of its production” (p.
289).

•

Sohi et al. (2010) define biochar as “the charred by-product of biomass pyrolysis, the
heating of plant-derived material in the absence of oxygen in order to capture
combustible gases” (p. 49).
Considering these opinions, current and anticipated future research trends, and

biochar’s realistic potential contribution to sustainability, the following new definition of
biochar is proposed: “Biochar is intentionally made charcoal via pyrolysis (i.e., >350 °C) from
unadulterated natural or waste organic materials free of harmful contaminants to 1) sequester
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carbon, 2) beneficially amend soil or 3) substitute activated carbon or carbon black in
commercial or industrial applications.”

Definitions of Charcoal
•

As stated by Lehmann and Joseph (2015), charcoal is made by “thermochemical
conversion from biomass (mainly but not exclusively wood) for energy generation” (p.
55).

•

Emrich (2013) defines charcoal as “the residue of solid non-agglomerating organic
matter, of vegetable or animal origin that results from carbonization by heat in absence
of air at a temperature above 300 °C” (p. 2).

•

Antal et al. (1996) call charcoal a “carbonaceous material derived from biomass with
a volatile matter content below 30%” (p. 652).

•

Harris (1999) describes charcoal as “the black porous residue obtained by the
destructive distillation of animal or vegetable matter in a limited supply of air” (p. 302).

•

Similarly, Czernik (2008) characterizes charcoal as “a solid product of pyrolysis of
biomass carried out at temperature above 300ºC …is black in color, retains morphology
of original feedstock, burns without flame” and “not a pure carbon or a single
compound” (Slide 3).
To differentiate biochar more easily from charcoal, the following definition of charcoal

is proposed: “Charcoal is pyrolyzed (i.e., >350 °C) natural or waste organic materials free of
harmful contaminants whose primary use is a smokeless solid fuel in cooking.”

Definitions of Activated Carbon
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•

According to Lee et al. (2006), activated carbons are “materials processed to generate
microporous structures with very high surface areas. Such materials typically find
applications in chemical engineering, such as in the removal of chemical species from
gases or liquids and as catalyst supports. Activated carbons are commonly prepared
from charcoals, which were prepared from agriculture and forestry feedstocks that have
low ash content. Activated carbons are broadly similar in structure and properties to
biochars, although carbons have undergone physical activation through interactions
with gases, such as steam or carbon dioxide (CO2) that are added or that evolve during
production, or through, post treatment with a strong base or acid” (p. 2074).

•

As stated by Lehmann and Joseph (2015), activated carbon is defined as a “PCM
(Pyrogenic Carbonaceous Material) that has undergone activation, for example by
steam or additions of chemicals…it is used in filtration or separation processes,
sometimes in restoration and for specialized experiments in soil (competition,
inoculation, etc.)” (p. 113).

•

According to the US Environmental Protection Agency (EPA) (2022d), “Granular
activated carbon (GAC) is a porous adsorption media with extremely high internal
surface area. GACs are manufactured from a variety of raw materials with porous
structures.”
To further differentiate biochar more easily from charcoal and activated carbon, which

are often used interchangeably, the following definition of activated carbon is proposed:
Activated carbon is charcoal that has undergone secondary post-pyrolysis physical and/or
chemical treatment with the purpose of increasing surface area and/or porosity.

Definitions of Carbon Black
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•

According to Lehmann and Joseph (2015), carbon black is referred to as “PCMs
dispersed in the environment from wildfires and fossil fuel combustion.”

•

Leading North American carbon black manufacturer Sid Richardson (now Tokai
Carbon) 1 once defined carbon black as “an engineered material, primarily composed
of elemental carbon, obtained from the partial combustion of thermal decomposition
of hydrocarbons, existing as aggregates of aciniform morphology which are composed
of spheroidal primary particles, uniformity of primary particle sizes within a given
aggregate, and turbostatic layering within the primary particles.”

•

The International Carbon Black Association (2022) defines carbon black as “a virtually
pure elemental carbon in the form of colloidal particles that are produced by incomplete
combustion or thermal decomposition of gaseous or liquid hydrocarbons under
controlled conditions.” It is “black, finely divided pellet or powder” and its use “in
tires, rubber and plastic products, printing inks and coatings is related to properties of
specific surface area, particle size and structure, conductivity and color.”

•

According to Fulcheri and Schwob (1995), carbon black is derived from “an
incomplete combustion of a hydrocarbon, CnHm, combustion of one part of the
feedstock giving cracking energy to the other part” (p.198).

•

ASTM International (2022b) defines carbon black as “an engineered material,
primarily composed of elemental carbon, obtained from the partial combustion or
thermal decomposition of hydrocarbons, existing as aggregates of aciniform
morphology which are composed of spheroidal primary particles which exhibit

1

Sid Richardson Carbon was acquired by Tokai Carbon of Japan in 2018.
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uniformity of primary particle sizes within a given aggregate and turbostratic layering
within the primary particles.”
Given biochar’s newfound potential role in industrial applications to enhance
sustainability, it is important to distinguish biochar from carbon black. The following
definition of carbon black is proposed: Carbon black is an ultra-fine dark black powder made
from the burning of heavy fuel oil and/or natural gas at extremely high temperatures (>1,000
°C). Consisting of virtually pure elemental carbon, it is most used in the manufacture of tires
and to a lesser degree, printing inks.

Dissertation Structure
The dissertation consists of five chapters and three major technical components, which
are structured as follows:
Chapter 1, “Introduction” discusses the unique sustainability challenges faced by
humanity today, a brief history of biochar, and how overly constrained definitions of it could
potentially inhibit future research vectors. Based on the work performed and empirical results
achieved in Chapters 2-4, the main contribution from chapter 1 is new alternative definitions
to biochar, charcoal, and carbon black are suggested.
Chapter 2, “Comparative Performance and Economic Assessment of Biochar and
Activated Carbon Adsorbents to Reduce BOD Concentrations in Tofu Whey Effluents”
empirically examines the ability of various organic waste derived biochars sourced in New
York State (NYS) to lower high BOD levels in tofu, dairy, and brewery manufacturing
effluents produced in NYS. The potential financial impact on these producers was examined
and addresses the significant research gap existing between biochar’s ability to adsorb metal
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ions in non-food industrial applications and those of faster growing high BOD food
manufacture.
Chapter 3, “Closing Nutrient Cycles with Biochar- from Filtration to Fertilizer”
describes in detail the circular techno-economic process of:
•

selecting and creating biochars from waste feedstocks

•

filtering actual industrial food processing effluents with these biochars

•

using the nutrient laden biochars as a cost-effective soil amendment to
significantly enhance production of high value specialty greenhouse crops.

The combination of these represents a significant contribution to the field of
sustainability by advancing a profitable, practical, and science-based use of biochar as a carbon
sink and expanding the work performed in Chapter 2 by assessing the impact on the grower
rather than just the manufacturer of the finished food product. This work culminated in a peerreviewed article published in the Journal of Cleaner Production (Barber et al., 2018).
Chapter 4, “Waste Paper Derived Biochar for Sustainable Printing Products” reports
research performed to develop a novel biochar from waste paper feedstocks to successfully
replace traditional carbon black pigments in black inks. Several promising feedstocks were
identified from paper wastes and natural materials (e.g., cardboard, office paper, paper towels,
shredded US currency, and recycled paper/boxboard sludge, Eastern White Pine) then
processed, converted to biochar and characterized for their potential to be functionally
converted into a drop-in black ink for use in flexography, lithography, ink jet, and food package
printing applications. The synthesis of this process was recently published in Journal of
Cleaner Production (Goh et al., 2021) and preliminary patent obtained presented in Appendix
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A along with other supporting material to reinforce the general findings while providing
appropriate depth.
Chapter 5, “Conclusions & Recommendations for Future Work” synthesizes and
concludes the most important overall findings from each of the investigations and makes
recommendations and suggestions regarding the future direction of research and policy
direction in each sub-field.

Significance of Research
The dissertation makes a significant contribution to the field by determining biochar’s
ability to recycle unutilized nutrients from food production effluent and its ability as an
environmentally friendly black pigment in ink manufacture. This was accomplished by
performing a series of novel experiments to ascertain if biochar could help society achieve a
more sustainable (environmentally, economically, and socially) way of life by the year 2030
as espoused by the UN’s 2015 Sustainable Development Goals (UNSDG) (Assembly, 2015)
and best summarized by rephrasing the famous Brundtland Commission’s definition of
sustainability: “How could [the use of biochar] help meet the needs of the present generation
without compromising the ability of future generations to meet their own needs?” As such, the
overall sustainability theme of the research is to understand if everyday food and paper wastes
could be transformed on an industrial scale to useful upcycled products that are economically
viable while mitigating the impact of climate change from the recent unprecedented rise in
human population over the last 100 years. Converting postconsumer food and paper wastes to
biochar would close an important anthropogenically-generated carbon loop by preventing
(through sequestration) the embodied carbon from reentering the atmosphere for potentially
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thousands of years and thus adding to the climate change problem. This complements biochar’s
generally agreed-upon purpose as a soil amendment to improve agricultural productivity while
capturing CO2-eq from primary agricultural wastes such as corn stover and coconut shells. The
dissertation also expands upon the traditional view of creating biochar just from these
agricultural wastes to include postconsumer food and paper, which are actually the largest
components of landfill waste today. Assessing the feasibility of converting these important
wastes is important to ascertain if, as a society, we should spend our limited time, energy, and
financial capital to advance biochar production technologies on an industrial scale to offset the
greenhouse gasses generated from the continued consumption of fossil fuels for our
transportation, heating, and electricity generation needs. Demonstrating to policymakers that
common wastes like these should be viewed as a renewable resource that could be
simultaneously repurposed for profit and environmental benefit could be a potential catalyst
to help transition society to a more sustainable way of life as espoused in the UNSDG.
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Figure 1.3 Research’s contributions to the UN Sustainable Development Goals (UNSDG) Assembly, G.
(2015)

In terms of sustainability, this work makes several direct and indirect contributions to
the UNSDG. These include clean water and sanitation, industry innovation and infrastructure,
sustainable cities and communities, responsible consumption and production, and climate
action. Indirect benefits include zero hunger, decent work and economic growth, and life below
water (Figure 1.3). Direct and indirect and indirect contributions are made locally to achieve
NYS’s goal in its “New York State Climate Action Plan Interim Report” (2010) of reducing
greenhouse gas emissions 80% by the year 2050. It does so primarily by helping close the
“Carbon Sink Maintenance/Enhancement” core visioning strategy research gaps in the
“Agriculture, Forestry & Waste” segment of available policy options (Figure 1.4).
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Figure 1.4 Research’s contributions to New York State’s 80 by 2050 “Policy Options and Vision
Strategies” goals (New York State Climate Action Plan Interim Report, 2010).

With further development of biochar adsorption technology, it is believed that costeffective, close-loop solutions integrating multiple inputs and outputs will become viable
options for food processing companies in New York State (Figure 1.5). Overall, these
discoveries can help sustainability researchers, food manufacturers, specialty crop growers,
ink developers, and biochar producers alike: 1) recognize how and when biochar might play a
pivotal role in their future efforts to create more sustainable products; 2) stay ahead of future
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restrictive environmental regulations; and 3) be less reliant on the depletion of non-renewable
resources in order to increase shareholder value.

Figure 1.5 Hypothetical circular process of closing regional nutrient cycles in New York State
(MFC/MEC = microbial fuel cell / microbial electrolysis cell)

The novel contributions of this dissertation are:
1.

New definitions of biochar, charcoal, activated carbon, and carbon black are proposed
to clarify the differences and similarities between them.
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2.

Biochar can serve as a cost-effective replacement for activated charcoal to reduce BOD
levels in dairy, tofu, and brewery processing effluents and avoid POTW surcharges.

3.

Nutrient filtered biochar can be reused as a value-added potting soil amendment at a
5%-10% inclusion rate to substantially increase (>30%) the fresh weight in specialty
lettuce and basil greenhouse crops relative to the no-biochar control.

4.

A fair price can finally be placed on biochar by measuring its ability to adsorb BOD in
food processing effluents, which then offsets a food manufacturer’s annual POTW
wastewater surcharge.

5.

Biochar has the real potential to replace carbon black (the pigment of choice for black
inks since the 1870s) as a more sustainable alternative in many different types of
printing applications.
The overall research question intended to be answered was:
•

Can biochar be used on an industrial scale to upcycle food and paper wastes in a more
sustainable way?
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Chapter 2: Comparative Performance and Economic Assessment
of Biochar and Activated Carbon Adsorbents to Reduce BOD
Concentrations in Tofu Whey Effluents
Introduction
The production of solid and dissolved organic wastes in food manufacturing is thought
to be reaching critical levels in many regions of the world, especially in developing nations
(Sonune & Ghate, 2004; Kosseva, 2009). Thus, a more sustainable way to manage these
previously untreated or undertreated materials is necessitated to avoid depletion of finite
resources, minimize risk to human health, reduce environmental impact, and mitigate potential
economic shocks stemming from more restrictive future policy regulations. Several
sustainable methods are currently being investigated for the treatment and management of
solid organic wastes from industrial scale food production (e.g., anaerobic digestion,
composting, gasification, microbial fuel cell), but highly miscible organic wastes frequently
found in aqueous food processing effluents are more problematic due to the difficulty and
expense of separation and disposal (Monnet, 2004). As such, a straightforward physiochemical remediation pathway via adsorption using activated carbon and biochar is emerging
as one of the most viable and economical options for the removal and recycling of these
potentially harmful organic fractions (Mohan, 2014). Though they share common physical
characteristics, biochar (a form of charcoal purposefully created via pyrolysis to be used as a
soil amendment and to sequester CO2) has the benefit of being able to be exothermically
produced from waste or other renewable feedstock, whereas production of activated carbon is
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generally endothermic (due to steam and chemical activation) and sometimes sourced from
coal, a non-renewable feedstock (Dias, 2007).
In the U.S., many food processing plants produce high-strength BOD and chemical
oxygen demand (COD) aqueous waste streams that require treatment onsite or at a local
publicly owned treatment works (POTW) facility before being released back into the
environment (Dahlen et al., 2004). BOD measures the concentration of biodegradable carbonbased organic compounds found in a particular liquid and thus the amount of oxygen consumed
from the environment when that material is fully degraded or oxidized by microorganisms.
COD is similar but measures the oxygen consumed when the material is oxidized by strong
acids. BOD measures the oxygen demand through natural degradation processes, whereas
COD measures oxygen consumption when purposefully treated with chemicals. “High
strength” most often refers to measurements above 300 mg L-1 BOD (~385 mg L-1 COD)
(Metcalf & Eddy, 2003). At the POTW, these wastes are mixed with other residential and
commercial effluents and processed by mechanical aeration which hastens the natural
degradation and oxidation process. Since aeration is energy intensive and relies on large
amounts of non-renewably sourced grid electricity, POTWs are significant contributors to the
U.S.’s overall GHG emissions, consuming approximately 3-4% of the U.S.’s total electricity
output (Pabi et al., 2013). In addition, POTWs pass operating and maintenance expenses along
to industrial users in the form of “sewer surcharges” (Flippin et al., 2007). In Monroe County,
NY for example, sewer regulations set surcharges based on levels of Biological Oxygen
Demand (BOD), Suspended Solids (SS), Chlorine Demand (CLD), and Phosphorus (P) (Figure
2.1). Finding a way to reduce these burdensome fees is a major incentive for manufacturers
to adopt more sustainable, and potentially less expensive, methods of treatment. Though tofu
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processing effluents are not harmful to human health per se (and are commonly made into
other nutritional products worldwide) (Speece, 1996), if left untreated high BOD effluents can
rob aquatic environments of oxygen, thus causing dangerously hypoxic conditions to exist for
fish and other marine life. This condition can devastate an aquatic ecosystem, leading to a state
of eutrophication in which few organisms can exist (Chislock et al., 2013).

Figure 2.1 Monroe County, NY industrial discharger surcharge calculation (Monroe County, NY, 2022).
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Literature Review and Research Gaps
Google Scholar, ISI Web of Knowledge, Rochester Institute of Technology (RIT)
proprietary search engine “Summon,” and the International Biochar Initiative’s (IBI)
publication databases were independently surveyed for the reduction of BOD and COD in
aqueous tofu, dairy, and brewery food waste effluents via filtration with biochar.
“Sustainability” and “eutrophication” were also added in a separate search to gauge the
relationship between biochar, activated carbon, and sustainability. Due care was also given to
identify activity not necessarily labelled as “biochar” per se (i.e., chars, charcoals, carbonized
biomass, etc.) but relevant nonetheless. Sources were chosen for their depth and breadth of
scholarly and peer-reviewed publications with an emphasis on research performed over the
last 10 years. Generally accepted grey literature such as that from the International Biochar
Initiative (IBI) (the biochar industry’s professional trade organization) was also included when
relevant.
The key finding of the search revealed that although excessive BOD releases from tofu
production that lack POTW infrastructure are an emerging concern especially in south-east
Asia (Faisal et al., 2014; Seroja et al., 2018; Li et al., 2013), no literature was found attempting
to mitigate the growing problem using biochar. Perhaps most surprising, however, is that the
bulk of contemporary peer-reviewed scientiﬁc literature on the use of biochar and activated
carbon to treat wastewater in general primarily focuses on the removal of inorganic
contaminants such as heavy metals and non-food organic pollutants found in herbicides,
disinfection products (Dias, 2007; Ahmad et al., 2014) tanneries (Hashem, et al., 2020) and
sewage (Saeed, et al., 2019). For example, the most highly cited contemporary review article
on the subject states: “organics are divided into (a) dyes (b) phenolics, pesticides, polynuclear
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aromatics and antibiotics removal” (Mohan et al., 2014) whereas high BOD organic
contaminants arising from food production are not mentioned at all. The fact that food
production effluents are regulated in the U.S. by the EPA but not elevated to the level of
“drinking water contaminants” (EPA, 2022c; Hassinger, 1998) helps explain why the study of
their mitigation via biochar adsorption has not received attention from the scientific
community before now. It could be surmised that since metal ion contaminants pose the
greatest risk to human health, their removal has been given higher priority to food effluents
that theoretically only pose risks to aquatic life. Though work has been performed on biochar’s
ability to filter greywater (Berger, 2012; Dalahmeh et al., 2012) and the environmental risks
that high BOD effluents pose to the environment (particularly in emerging economies) has
been identified (Belén et al., 2012; Faisal et al., 2016), a significant research gap was found to
exist in our understanding of biochar’s specific role in filtering and recycling high BOD
nutrients from common yet globally increasing food production effluents in the dairy, tofu,
and brewery industries. Moreover, it can be argued that, left unchecked, releasing enough of
these wastes constitute the very threat hoped to be averted by UNSDG #14 of “Life Below
Water” goals (Lu et al., 2015) since upon decomposition they can quickly deprive aquatic biota
of oxygen (i.e., hypoxia) below safe levels needed for survival (EPA, 2022e). This review
made it clear that a gap exists to investigate a more sustainable approach to reduce high BOD
and COD concentrations in organic aqueous food processing effluents via biochar filtration,
preferably whose feedstock is a solid waste of the food production itself. In addition, it is clear
that a productive, value-added use for nutrient enriched biochar material will need to be found
so it is not just disposed of in a landfill, decomposing and releasing methane.
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Research Objectives
A clear example of this problem is found in Monroe County, New York, USA where
an individual tofu manufacturer, according to its management, paid surcharges of $557,516
USD over the last 10 years based on the county’s excess BOD (>300 mg L-1), suspended solids,
chlorine demand, and phosphorus release regulations (Monroe County, NY, 2022; Rankin,
2013). The firm was levied approximately $60,000 USD ($.013 USD L-1) surcharge over the
previous year on its 4.5 million L yr-1 concentrated BOD waste stream (15,834 mg L-1, Table
2.1). Another 49.5 L6 yr-1 of lower strength (228 mg L-1) BOD wastewater was produced from
other parts of the plant but fell below the surcharge threshold. Due to growing public
disapproval about large scale organic effluent releases and widespread scarcity of clean water
supplies, it is likely that POTW surcharges like these will continue to increase and become
more burdensome (Renner, 2017). Finding a way to eliminate these fees would be a major
incentive for manufacturers to adopt more sustainable treatment methods so long as they are
less expensive than the POTW status quo.
Table 2.1 Wastewater considerations affecting Monroe County, NY tofu manufacturer.

Wastewater Parameters
Average BOD (mg L-1) of highly concentrated whey

15,834

BOD goal (mg L-1)

300

% BOD reduction necessary to avoid POTW surcharge
Effluent volume (L yr )
6

-98.05%
4.50

-1

Total BOD generated (t yr )

69.30

-1

Total mass of BOD allowed by Monroe County (t yr )
-1

14.85

Reduction in mass of BOD necessary (t yr )

(54.45)

POTW surcharge to offset (i.e. budget for adsorbents)

$60,000

-1

Given these challenges, the goal of the study was to assess the potential environmental
and economic benefits of using biochar filtration to: 1) reduce the manufacturer’s POTW
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surcharge; 2) significantly reduce food processors’ physical volumes of solid organic wastes;
3) assess the potential use of the filtered biochar as a nutrient rich soil amendment product; 4)
lower the startup and ongoing operational costs of a filtration system compared to more
complex water treatment technologies (e.g. electrodialysis, reverse osmosis, anaerobic
digesters, microbial fuel cells, etc.); and 5) develop a straightforward and simple means of
sequestering atmospheric CO2. It is hypothesized that the main reason all these benefits could
occur is because waste-derived biochars have an inherent cost advantage over activated
carbons since their feedstocks are typically free (Inyang & Dickenson, 2015) or have a
“negative cost” (i.e., one is actually paid to take them away). Biochars for the study were
selected due to their porosity, high surface area, ability to sequester atmospheric CO2, proven
ability as a beneficial soil amendment, and that they are derived from commonly found low
(or no cost) waste organic materials. These materials are also effective adsorbents like AC.
Based upon these factors, the research hypothesis proposed is that filtration via biochar has the
potential to be a cost-effective method for reducing or eliminating high-strength wastewater
discharge in food processing plants while achieving a 90%+ reduction in physical volumes of
the solid organic wastes used to make the biochar itself.

Research Materials and Methods
2.3.1 Tofu Whey Filtration Tests
To test these assertions, the relationship of the biochars’ unique physiochemical
properties to their adsorptive BOD capacities as well as their ability for scale-up was
quantified. The primary technique used was ASTM standard D3860-98(2020) “Determination
of Adsorptive Capacity of Activated Carbon by Aqueous Phase Isotherm Technique” method
(ASTM International, 2022a), chosen due to its recognized acceptance, ease in reproducibility,
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and benchmark from which to compare a wide variety of feedstocks’ ability to treat an equally
wide variety of aqueous food processing wastes. Contemporary researchers often construct
their own unique filtration apparatus to gravimetrically flow effluent through columns of
biochar, but the ASTM standard seems preferable due to its standardized reproducibility to
compare the widest variety of biochars and food processing effluents worldwide (Berger, 2012;
Huggins et al., 2016). The tests performed involved agitating 100 ml of full strength (15,834
mg L-1 BOD) tofu whey solution for two hours with varying proportions of homogenously
ground (< 1mm, 18 mesh) biochar and activated charcoal. 2 After thorough mixing, the
resultant fluid was then separated from the char using a vacuum pump (Buchi V-700), and
disposable 0.45μm filter and immediately tested for Chemical Oxygen Demand (COD) levels
in triplicate using the HR and HR+ colorific dichromate method (DR3900, Hach Company,
Loveland, CO, USA) according to the instructions of the manufacturer. These measurements
were then converted to their BOD equivalency by ALS Environmental Testing of Rochester,
NY, USA, who found the average to be 78% of COD (i.e., the average COD of 20,300 mg L1

= 15,830 mg L-1 BOD). Though the exact ratio between BOD and COD is highly effluent

and process specific, BOD is always less than or equal to COD and, according to multiple
studies, ranges between ½ and ¾ of COD in tofu whey (Faisal et al., 2014). In this way, the
adsorbent’s total potential capacity can either be extrapolated by a gram of impurity adsorbed
per gram of carbon ratio, or by using a Freundlich adsorption isotherm plot showing COD
remaining in the test solution (mg/L) on the X axis and COD adsorbed per milligram of biochar

A slightly different process than found in an actual industrial scale aqueous phase granulated activated carbon filtration system
which incorporates a larger blend of 8-30 (2.36mm to .425mm) or 12x40 mesh (1.7mm to 0.425mm) particles so as to maximize
contact time but at the same time not impede flow rates that would occur solely with powders (TIGG, 2022b). Not surprisingly,
given the same feedstock, larger particle sizes have smaller surface areas and therefore less potential adsorptive area. Therefore,
a mix of sizes are used in actual practice whereas the ASTM standard seeks to understand a carbon’s true maximum adsorption
capacity, which would be expected to exceed that in a commercially scaled up system.

2
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or activated carbon on the Y axis. The number accompanying the ordered pairs between the
abscissa and ordinate indicates how much mass (g) of BC or AC was tested in that batch run.
This method could also be adopted to test a potential biochar/activated carbon filter’s
effect on other EPA water quality parameters such as total alkalinity (mg L-1 CaCO3), nitrates
(mg L-1 NO3--N), volatile acids (mg L-1 CH3COOH), total nitrogen, nitrite nitrogen, ammonia,
turbidity (NTU's), total dissolved solids (TDS), dissolved oxygen (DO), and pH. Of most
interest to food manufacturers in NYS are the local “industrial discharger surcharge
calculations” (Appendix C.1), which are primarily based on levels of BOD or COD,
phosphorus (P), suspended solids (SS), and chlorine demand (CLD). According to the tofu
company management, P, SS, and CLD levels are rarely an issue compared with BOD or COD,
so it was the main constituent analyzed. Surface area, pore size, and volume tests were also
completed via the BET (Brunauer, Emmett, and Teller) method with a Quantachrome NOVA
4000e N2 surface area analyzer (Appendix B.1) to better understand what relation (if any)
exists between these qualities and adsorptive capability as per ASTM (2022b) standards.
According to Particle Technology Labs (2022), BET “determines by the physical adsorption
of a gas (typically nitrogen, krypton, or argon) onto the surface of the sample at cryogenic
temperatures (typically liquid nitrogen or liquid argon temperatures)” and is “commonly used
[by several standard organizations such as ISO, USP and ASTM] to evaluate the gas adsorption
data and generate a specific surface area result expressed in units of area per mass of sample
(m2/g).” The BET adsorption/desorption curves of each biochar are found in Appendixes B.2B.5. Samples were examined in more detail pre- and post-filtration using a scanning electron
microscope x-ray fluorescence spectroscopy (SEM-XRF) to help identify the elements and
micronutrients that were adsorbed on the surface of the carbon. Additionally, H, N, O ultimate
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analysis, proximate analysis, and total elemental analysis with Inductively coupled plasma
mass spectrometry (ICP-MS) were performed. According to ThermoFisher Scientific (2022),
ICP-MS “is an elemental analysis technology capable of detecting most of the periodic table
of elements at milligram to nanogram levels per liter” by decomposing “a sample into its
constituent elements and transforms those elements into ions” which are then continuously
measured. Macro and micronutrients, chlorides and sulfates were determined on the pre- and
post-filtered effluent as well as what is leached off from the biochar itself after being
thoroughly mixed with deionized water via a drinking water analysis test by Dairy One (Ithaca,
NY, USA). These assessments are crucial to inform future discussions with farmers or other
end users who will want to understand what exactly is being added to the soil or elsewhere
when “nutrient loaded” biochar is applied. Simple gravity filtration pass through tests were
performed to gauge the relative ability of each biochar to lower COD in tofu whey before more
involved ASTM standard D3860-98(2020) tests.
Summary of adsorption filtration test method used:
1. Select, dry, and homogenously grind feedstock for biochar
2. Convert feedstock into biochar via pyrolysis (see 2.3.2 for specific processes)
3. Test biochar properties: e.g., porosity, surface area, density, nutrients
4. Test tofu whey properties: e.g., BOD, pH, nutrients
5. Filter tofu by homogenously mixing desired proportions of biochar to whey for 2 hours
6. Separate biochar and filtered whey with vacuum pump and 0.45 μm filter
7. Immediately re-test tofu whey properties: e.g., BOD, pH, nutrients
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8. Re-test biochar properties post filtration: e.g., porosity, surface area, density, nutrients
2.3.2 Biochar Feedstock Selection & Creation
Activated peat bog charcoal from Sigma-Aldrich (#C2889) was compared to a variety
of biochars created from food and agricultural waste feedstocks commonly found in New York
State: 1) common maple wood (Acer saccharum, Canandaigua, NY), 2) spent crushed
grapeseed (Seneca BioEnergy LLC, Romulus, NY), and 1) soybean curd residue or “okara”
from the solid waste of pressed soybeans in tofu manufacture (Rochester, NY). Though there
are many types of commercially available granular activated carbons for aqueous phase
adsorption, #C2889 was chosen due to its high surface area (600 to 800 m2 g-1), widespread
use in scientific research, bulk availability and a porosity distribution that resembles coconutactivated charcoal (Sigma-Aldrich, 2022; TIGG, 2022b). Maple was chosen due to its ubiquity
throughout the Northeast U.S., relatively high surface area (202 m2 g-1) without elaborate postprocessing activation, and ability to effectively sequester CO2 since it possesses a low O:C
molar ratio, the measurement of a biochar’s ability to retain C in soil over time (Lehmann &
Joseph, 2015). The maple biochar was made by heating air-dried cut maple wood in a
traditional wood burning combustion furnace and immediately water quenching material from
the center of the pile visually observed to be white hot. Based on this, the highest heating
temperature (HHT) 3 is estimated to be from 1,000 to 1,200 °C, though was not directly
measured (Hearth.com, 2022). Grapeseed biochar was derived from previously crushed white
varietal grape seeds acquired from a commercial winery in the Finger Lakes region of New
York State and were chosen since they have no commercial use after being crushed and their

3 HHT is a common term used in biochar research to denote the highest temperature the biochar feedstock was exposed to,
even if for a brief time.
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oil extracted. Testing okara biochar for its ability to reduce BOD levels in tofu whey effluent
was of particular interest due to the considerable environmental synergistic benefits that could
be derived from using the solid waste of the tofu process to treat its own liquid waste. Okara

Figure 2.2 High-strength waste from a local tofu plant is generated almost
entirely at a single production step (belt press) (Source: Trabold et al., 2011)

itself is the solid byproduct that results from the “belt press” process that crushes, strains, and
separates the whey from the soybean, which is primarily responsible for producing the high
strength BOD waste flow at the plant (Figure 2.2). For every kg of soybeans processed into
soymilk or tofu, slightly more than 1 kg of okara is produced (Satyanarayan et al., 2004) and
its high moisture content makes managing this feedstock difficult as it decomposes quickly
and is cumbersome to transport. While okara does have usable properties as a protein
supplement, in the U.S. most often it is disposed of by landfilling or incineration (Satyanarayan
et al., 2004). The tofu manufacturer studied here gives as much away as possible to organic
produce farmers willing to pick it up but has the remainder disposed of at a local landfill. Both
grapeseed and okara were processed in a top-lit updraft (TLUD) retort (Biochar Central,
Atlanta, USA) whose HHT was estimated between 400-600 °C.
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Results and Discussion
2.4.1 Filtration Tests with Tofu Whey
The average mg BOD adsorbed g-1 for each of these carbons was calculated (Table
2.2). Activated charcoal performed the best, adsorbing almost half its weight in BOD matter
(.452 mg BOD g-1) at the 2.5% concentration. It is important to remember that actual weight
is not being measured, but rather the weight of oxygen that would be consumed if the
wastewater were oxidized. As is common in filtration, adsorbance efficiency for activated
charcoal, grapeseed, and maple decreased as m:v ratios increased owing to competition for
active adsorption sites. Interestingly, okara added BOD to the effluent at the 2.5% ratio but
decreased BOD at the 5% and above ratios. Grapeseed was the strongest performer of the
biochars at 157 mg BOD g-1 and was 35% as effective as activated charcoal with only 35% of
the surface area (i.e., 214.02 m2 g-1 vs 606 m2 g-1) (Table 2.2). Maple was the second-best BC
Table 2.2 Average mg BOD adsorbed from tofu whey g-1 carbon (directly measured).

2.5%

mg BOD
Adsorbed g-1
Activated
Charcoal
451.62

mg BOD
Adsorbed g-1
Grapeseed
Biochar
157.25

5.0%

224.95

113.15

10.0%

101.97

15.0%

82.51

Mass carbon:
volume
effluent

mg BOD
Adsorbed g-1
Maple Biochar

mg BOD
Adsorbed g-1
Okara Biochar

106.08
81.12

-6.55
0.55

74.00

37.44

3.27

44.34

27.30

11.46

adsorber with 106 mg BOD removed g-1 but was only 24% as efficient as activated charcoal,
even though it has 33% of its surface area. The discrepancy between maple and grapeseed
could be explained by grapeseed possessing larger macro-pores (37.571 Å vs maple 12.593 Å,
Table 2.3) which would favor larger organic particles. Future research could affirm or refute
by examining the adsorptive abilities of biochars that possess dissimilar pore sizes holding
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surface area constant. Okara biochar’s poor results were most likely due to its extremely low
surface area 1.66 m2 g-1 (Table 2.3) though as previously mentioned, it was more productive
Table 2.3 B.E.T. surface area, pore size & volume data.
Average BET Surface
Area m2 g-1

Total Pore
Volume cc g-1

Average
Pore Radius Å

Activated Charcoal

606.06

0.5040

14.870

Grapeseed Biochar

214.02

0.0685

37.571

Maple Biochar
Okara Biochar

201.82
1.66

0.3812
0.0133

12.593
55.637

at a higher proportion of char per volume of whey treated. Finding okara’s point of maximum
adsorbance potential in future testing deserves investigation as well. Although grapeseed had
the best performance of the biochars (157 vs 106 mg BOD adsorbed g-1, Table 2.2), after
discussions with winery management about viniculture practices in general and the availability
of crushed grapeseed in particular, filtered maple BC was chosen for more comprehensive
physio-chemical analysis as maple waste trimmings are much more widely available and closer
to the industrial food production facilities that would actually need them, whereas grapeseed
oil production is a more localized niche activity.
2.4.2 Maple Biochar Characterization
Table 2.4 Surface elemental analysis maple biochar pre/post filtration.
Element
C
O
Na
Mg
Al
P
K
Ca
Co

Unfiltered
Maple Biochar (% Weight)
51.64
41.46
ND
1.17
ND
0.40
1.68
1.95
1.70
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Filtered
Maple Biochar (% Weight)
45.46
46.25
0.58
1.06
0.77
ND
1.22
1.55
3.10

% Change
-11.97%
11.55%
+
-9.40%
+
-27.38%
-20.51%
82.35%

The surface elemental composition of the maple biochar pre- and post-filtration was
analyzed using SEM-XRF. Cobalt (Co) levels showed the most increase in from 1.7% to 3.1%
w:w or 82% (Table 2.4, Figs. C.6, C.7). Co is known to be a very important micronutrient in
soybean production and soluble cobalt micronutrient additives (0.5% Co by weight) are very
commonly applied to young soybean plants (Stoller USA, 2022). Surface oxygen increased
11.55% and both aluminum and sodium levels increased from ND to 0.77% and 0.58%

Figure 2.3 SEM image (1000x) unfiltered maple biochar

Figure 2.4 SEM image (1000x) maple biochar filtered with tofu whey
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respectively. Figure 2.3 is the image of pre-filtered maple biochar (1000x) and Figure 2.4 is
post-filtered (both used to determine the XRF data in Table 2.4). Figure 2.4 very clearly shows
the adsorbed compounds on the surface of the maple biochar from the tofu whey.
The macro and micro nutrients that constitute the biochar itself (in addition to that
adsorbed on its surface) were also determined by ICP-AES (Table 2.5). The amounts and
proportions of these elements (i.e. “Elements Retained, mg kg-1”) are important inasmuch as
they would inform farmers what is actually in the BC and how much would be required to add
per acre to displace their existing fertilizers. All macro and micronutrients increased from a
low of 2.13% (potassium) to a high of 1,176% (sodium). Though sodium had the largest rise,
copper had the second with an increase of 714% while sulfur and iron increased 174% and
106% respectively. As a soil amendment, whether one is considered “too much” or “too little”
entirely depends on the end user or farmer’s perspective of what is desired and what is not.
The “surface analysis” values in Table 2.4 and the “whole biochar” analysis of Table 2.5 differ
in the fact that the surface XRF takes a snapshot of one section of the BC’s surface while the
ICP-AES determines all the elements which come together to constitute the biochar itself as
well as what is adsorbed on the surface.
Table 2.5 Elemental analysis of unfiltered & tofu whey filtered biochar (ICP-AES).
Element
Na
Cu
S
Fe
Cr
Si
Al
B
Zn
P
Mg

Pre-Filtered
mg kg-1 Total (%)
139.0
1.02%
11.6
0.08%
231.1
1.69%
141.1
1.03%
19.7
0.14%
23.7
0.17%
39.7
0.29%
17.8
0.13%
20.0
0.15%
391.8
2.87%
832.3
6.09%

Post Filtered
mg kg-1 Total (%)
1,774.6
55.90%
94.4
2.83%
634.2
13.78%
290.7
5.11%
35
0.52%
37.1
0.46%
60.8
0.72%
26.7
0.30%
28.4
0.29%
486.7
3.24%
1,029.3
6.73%
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mg kg-1
1,635.6
82.8
403.1
149.6
15.3
13.4
21.1
8.9
8.4
94.9
197.0

Elements
Change (%)
1175.77%
713.79%
174.43%
106.02%
77.66%
60.61%
53.15%
50.00%
42.00%
24.22%
23.67%

Mn
Ca
K

193.9
7,583.8
4,020.4

1.42%
55.49%
29.42%

229.3
7,758.4
4,106.1

1.21%
5.97%
2.93%

35.4
174.6
85.7

18.26%
2.30%
2.13%

2.4.3 Tofu Whey & Deionized Water Characterization Pre/Post-Filtration
Although in this proposed system the post-filtered tofu whey with < 300 mg L-1 BOD
would be directly disposed of in the sanitary sewer to final POTW treatment, it is important to
understand exactly how that liquid’s composition was changed, which could potentially open
up alternative pathways (e.g. anaerobic digestion, microbial fuel cell, etc.) for its eventual
disposal. The parameters presented in Table 2.6 for pre-filtered tofu whey are generally
consistent with others found in the literature (Rizkytata et al., 2014; Lay et al., 2013). Although
primarily liquid (97.3%), the tofu whey contains 2.7% dry matter containing potentially
valuable plant nutrients. Of the most important, magnesium increased 700% (6 to 48 ppm),
iron 92% (65 to 125 ppm), copper 48% (41 to 61 ppm), and calcium 40% (1.06 to 1.48%). If
somehow they were able to be dried in a effective process, perhaps by microwave radiation,
converting the material for eventual reintroduction to soil presents an intriguing closed loop
nutrient recycling opportunity.
Table 2.13 Nutrient analysis of tofu whey effluent pre and post biochar filtration (2.5% m:v).

Tofu
Whey
% Moisture
% Dry Matter (DM)
% Crude Protein
% Crude Fat
% Carbohydrates
% TDN
% Ash
%P
% Mg
%K
% Na

97.3
2.7
0.5
0.1
1.6
2.0
0.42
<.01
0.02
0.15
0.003

Tofu
Whey >
Maple
Biochar
Filtration
97.2
2.8
0.5
0.1
1.7
2.0
0.47
0.01
0.02
0.18
0.003

%
Difference
-0.1%
3.7%
0.0%
0.0%
6.2%
0.0%
11.9%
ND
0.0%
20.0%
0.0%
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Tofu
Whey
(DM)

Tofu Whey >
Maple Biochar
Filtration
(DM)

%
Difference

20.3
5.1
59.1
82.0
15.6
0.16
0.61
5.37
0.091

19.2
3.4
60.8
79.0
16.56
0.19
0.71
6.21
0.101

-5.4%
-33.3%
2.9%
-3.7%
6.2%
18.8%
16.4%
15.6%
11.0%

%S
% Ca
PPM Fe
PPM Zn
PPM Cu
PPM Mn
PPM Mo

0.02
0.03
2
1
1
<1
0.4

0.03
0.04
4
2
2
1
0.5

50.0%
33.3%
100.0%
100.0%
100.0%
ND
25.0%

0.82
1.06
65
49
41
6
16.1

0.96
1.48
125
64
61
48
19.1

17.1%
39.6%
92.3%
30.6%
48.8%
700.0%
18.6%

Finally, the maple biochar itself was filtered with deionized water using the same
process previously described with maple biochar and tofu whey. This step was performed to
understand what elements in the post-filtered tofu whey were potentially leached from the
biochar itself (Table 2.7). The column “Expected Range of Water Fit For Human
Consumption” was also included to understand how the biochar filtration would potentially
affect waterways meant for human consumption. The most surprising results are the increases
in potassium from 0.2 ppm to 59.4 ppm (29,000%), calcium 0.2 ppm to 20.2 ppm (10,000%),
and phosphorus 0.1 ppm to 4.2 ppm (4,100%). It is common knowledge that biochar is often
thought of as vessel or sponge for plant nutrients and enables their uptake as a result of high
cation exchange capacity (CEC). According to Jones and Jacobsen (2005), CEC is a useful
indicator of soil fertility because it shows the soil's ability to supply calcium, magnesium and
potassium, the three most important plant nutrients. What seems less appreciated is the actual
nutrients that could directly leach from the biochar to the soil and could potentially be another
reason why adding unfiltered biochar boosts growth in plants. In terms of quality for drinking
water quality, leached phosphorus and iron levels were 14x and 3x higher respectively above
the maximum recommended levels and would be need to be further considered, if such a
system was to be developed at scale.
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Table 2.17 Elements leached from maple biochar after filtration with deionized water.
Deionized
Water
Nitrates, ppm
Nitrates - Nitrogen, ppm
Sulfates, ppm
Sulfates - Sulfur, ppm
Chlorides, ppm
Calcium (Ca), ppm
Phosphorus (P), ppm
Magnesium (Mg), ppm
Potassium (K), ppm
Sodium (Na), ppm
Iron (Fe), ppm
Zinc (Zn), ppm
Copper (Cu), ppm
Manganese (Mn), ppm
Molybdenum (Mo), ppm
pH

ND
ND
6.00
2.00
< 10.00
0.20
0.10
< 0.10
0.20
0.90
< 0.01
0.01
0.02
< 0.01
< 0.01
7.40

Deionized Water
Filtered with
Maple Biochar
6.00
1.00
5.00
2.00
17.00
20.20
4.20
6.00
59.40
4.30
0.08
0.08
0.13
0.17
< 0.01
6.90

%
Difference
+
+
-16.67%
0.00%
+
10,000%
4,100%
+
29,600%
377%
+
700%
550%
+
-6.76%

Expected Range of
Water Fit for
Human
0 - 44
0 - 10
0 - 250
0 - 83
0 - 250
0 - 100
0 - 0.3
0 - 29
0 - 20
0 - 100
0 - 0.3
0-5
0 - 0.6
0 - 0.05
0 - 0.07
6.8 - 7.5

2.4.4 Economic Analysis- Biochar Filtration System for Tofu Whey
Based on the lab scale adsorption data, the potential amount of BOD mass adsorbed
per ton of activated carbon and biochar adsorbent was computed (Table 2.8). This calculation
can help management of the tofu manufacturer or other BOD producer understand what the
ongoing variable operating costs of adsorbent might be and scale of equipment needed at
varying levels of production.
Table 2.18 Tons BOD adsorbed from tofu whey per ton of carbon (extrapolated).
mass carbon :
volume
effluent
2.5%
5.0%
10.0%
15.0%

t BOD Adsorbed t-1
Activated Charcoal

t BOD Adsorbed t-1
Grapeseed Biochar

t BOD Adsorbed t-1
Maple Biochar

t BOD Adsorbed
t-1 Okara Biochar

0.452
0.225
0.102
0.083

0.157
0.113
0.074
0.044

0.106
0.081
0.037
0.027

-0.007
0.001
0.003
0.011

The number of tons needed of each carbon to fully adsorb 54.45 tons of BOD yr-1 from
the manufacturer’s high strength waste stream to completely avoid POTW surcharges was then
calculated by dividing the quantity needing to be adsorbed by the ability of each to adsorb
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(Table 2.9). The result ranged from a low of 120.6 tons of activated charcoal at 2.5% m:v to a
high of 1,994 tons of maple biochar at 15% m:v. The key takeaway is that carbon adsorbents
can become less efficient as the mass of carbon to volume tofu whey increases. For example,
at 15% m:v, almost 5.5x more activated charcoal would be necessary yr-1 compared to that of
a 2.5% m:v system. For maple, 3.9x more biochar would be necessary and grapeseed 3.5x. In
this regard, the efficiency gap between grapeseed biochar with activated
Table 2.19 Tons of carbon needed yr-1 to filter 54.45 t BOD & eliminate POTW surcharge extrapolated).
mass carbon :
volume effluent
2.5%
5.0%
10.0%
15.0%

t Activated
Charcoal
Needed yr-1
120.57
242.05
533.97
659.95

t Grapeseed
Biochar
Needed yr-1
346.27
481.21
735.85
1,228.05

t Maple
Biochar
Needed yr-1
513.29
671.23
1,454.33
1,994.51

t Okara
Biochar
Needed yr-1
-8,314.82
99,777.86
16,629.64
4,751.33

charcoal narrows at higher m:v ratios. These examples illustrate the importance of properly
engineering a multi-staged system to keep a low m:v ratio at all times to maximize the
biochars’ BOD adsorption efficiencies. Once performed, the firm can estimate the size and
therefore the fixed capital costs for the equipment.
Finally, the “Maximum Cost t-1” of each carbon was computed by dividing the firm’s
$60,000 POTW “budget” by the tons of carbon required at each m:v ratio (Table 2.10).
Essentially, “maximum cost” is how expensive a delivered carbon could be (assuming zero
fixed costs) until it is uneconomical. Under this price, the firm will save money compared to
POTW treatment; above this price, the firm will spend more than POTW treatment. For
example, activated charcoal has to cost less than $91 t-1 at the 15% m:v ratio whereas it can
cost as high as $498 t-1 at the 2.5% m:v ratio. For the grapeseed biochar, total costs cannot
exceed $49 t-1 and maple $30 t-1. The most intriguing figure in Table 2.10 is the maximum cost
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t-1 of okara at $12.63. Although okara was “the worst” BOD adsorbent out of those studied
here, theoretically it could treat the firm’s high strength effluent stream if it were somehow
possible to be produced for less than $12.63 t-1. In summary, this data allows the manufacturer
to easily understand their variable breakeven costs to make an economically sound decision
when procuring or producing their own biochar.
Table 2.20 Maximum acceptable cost t-1 carbon (assuming $60,000 yr-1 adsorbent budget).
mass carbon :
volume effluent

Maximum Cost t-1
Activated Charcoal

Maximum Cost t-1
Grapeseed Biochar

Maximum Cost t-1
Maple Biochar

Maximum Cost t-1
Okara Biochar

2.5%
5.0%
10.0%
15.0%

$497.65
$247.88
$112.37
$90.92

$173.28
$124.69
$81.54
$48.86

$116.89
$89.39
$41.26
$30.08

$-7.22
$0.60
$3.61
$12.63

By using the step-by-step process outlined, industrial food manufacturers that generate
highly concentrated BOD effluents will be more able to estimate their initial startup and annual
cash outlays for an appropriately-sized activated carbon/biochar filtration system. Once that is
accomplished and a suitable cost of capital (interest rate) applied, the net present value (NPV)
of the system can be projected and a more informed decision can be made by management of
the firm on how to treat their concentrated high BOD liquid wastes most sustainably (i.e.,
environmentally, socially, and economically). Working closely with outside test labs,
university partners, and industrial scale filtration equipment manufacturers, a very wide variety
of regionally-sourced waste feedstock combinations and filtration system size combinations
can be modeled, regardless of exact geographic location. In turn this will help confirm or refute
the potential efficacy of biochar as a more sustainable treatment alternative to the incumbent
POTW effluent disposal pathway for other manufacturers considering making a similar
change. Based on conversations with those in industry, the main challenge to potential
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adoption is that few managers and executives at food processing firms desire or are even
capable of outlaying the capital required to purchase a combined pyrolysis/adsorption system.
Opportunities therefore exist for private/public partnerships to form, offering reduced interest
rate financing to firms to lease or purchase equipment with payments matching the timing of
their existing cash flows. This could spark development and innovation in the biochar industry,
which, anecdotally, has been held back by the lack of financing and industry partnerships.
Being able to determine what the maximum price a biochar should be or less given its
adsorption capabilities is a key finding that may help as well.

Conclusions
Chapter 2 discussed empirical physio-chemical experiments performed comparing
activated carbon and biochar for the removal and recycling via adsorption of high BOD organic
fractions in tofu whey. Results show that all biochars studied successfully decreased BOD
levels >98% from 15,834 mg L-1 to less than 300 mg L-1 (the amount necessary to avoid POTW
surcharges in Monroe County, NY). The main difference amongst the biochars and activated
carbon control was the amounts necessary to achieve that goal which were positively correlated
to surface area. Commercially available (peat bog) activated carbon had the best (i.e., highest)
BET surface area of 606.06 m2 g-1 (and therefore the best filtration results), adsorbing 451.62
mg BOD g-1. Cherry pit was the best performer amongst the biochars (157.25 mg BOD g-1,
BET 214.02 m2 g-1), maple biochar second (106.08 mg BOD g-1, BET 201.82 m2 g-1), and
okara third (11.46 mg BOD g-1, BET 1.66 m2 g-1). In other words, to filter a volume of tofu
whey with a mass unit of activated carbon, one needs 2.87x the mass of cherry pit biochar,
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4.25x the mass of maple biochar, or 39.4x the mass of okara biochar to accomplish the same
goal. While indicating activated carbon is the obvious choice for filtration, according to a
survey performed by the International Biochar Initiative, the average U.S. wholesale price for
pure biochar is $2,060 USD t-1 (International Biochar Initiative, 2022) whereas the activated
carbon in the study was $26,480 USD t-1 (Barber, 2017). Economically, factoring in
performance and price (i.e., biochar being on average ~7% of the cost of activated carbon)
swings the pendulum clearly in biochar’s favor as an adsorbent. As such, the “Maximum Cost
t-1” the tofu manufacturer should pay for each carbon was computed by dividing the firm’s
$60,000 POTW “budget” by the tons of carbon required to completely treat the firm’s waste.
Thus, a maximum price t-1 was established to the firm using biochar as a BOD adsorbent to
eliminate POTW surcharges while creating a value-added nutrient carrier for plant growth.
Regarding the surface elemental composition of the biochar pre- and post-filtration,
significant amounts of Cobalt (Co) (1.7% to 3.1% w:w or 82%) (Table 2.4) were adsorbed
from the tofu whey. Since soluble cobalt micronutrient additives (usually only 0.5% Co by
weight) are very commonly applied to young soybean plants (Stoller USA, 2022), tofu whey
filtered biochar (with a 3.1% w:w concentration) has the potential to displace the use of Co
additives in soybean production since as it contains 6.2x the amount. To understand what other
elements would be leached from the biochar if it were used as a soil amendment, the unfiltered
maple biochar was washed with deionized water and that water itself tested. The most
surprising results are the increases in potassium from 0.2 ppm to 59.4 ppm (29,000%), calcium
0.2 ppm to 20.2 ppm (10,000%), and phosphorus 0.1 ppm to 4.2 ppm (4,100%). These
important plant nutrients could be another reason why adding biochar boosts growth in plants.
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Thus, tofu filtered biochar has the potential to be a value-added soil amendment with
significant economic value.
Limitations of the study include:
•

The fixed cost of purchasing or rental of the capital equipment required was not modeled
and would make all the financial scenarios presented here worse due to the additional costs.
This was not performed because the equipment manufacturer will not provide a quote or
estimate for hypothetical situations.

•

Operating conditions (i.e., temperature, equipment, and handling processes) used to
produce the biochars were different than would be on an industrial scale. Ideally, all
biochars should be produced by the same exact method to remove variability.

•

Although somewhat comparable, results presented here are specific to tofu whey and not
necessarily analogous to other food waste effluents such as dairy whey or brewery waste.

•

The association between each biochar’s unique ionic surface chemistry and its effect on
adsorption efficiency was not explored.
Future research should more closely examine the relationship between BET surface area,

average pore size, and total pore volume on BOD reduction with a broader range of feedstocks
to better match biochars to a particular aqueous waste. For example, grapeseed biochar may
be more efficient in filtering dairy whey than tofu whey based on its unique surface
functionalization. In addition, the question of what to do with the filtered nutrient-rich biochar
needs to be more carefully studied. Greenhouse trials incorporating these biochars in soil for
high value crops (ideally in the same region to reduce shipping costs) could help answer this
question.
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Chapter 3: Closing Nutrient Cycles with Biochar- From
Filtration to Fertilizer
Introduction
Improving the quality of aqueous waste discharges and reducing biological oxygen
demand (BOD) levels is of interest for U.S. food manufacturers and sustainability researchers
due to the threat of escalating publicly-owned treatment works (POTW) surcharges, water
scarcity issues, and social pressures from an increasingly environmentally-conscious consumer
base. Many food processing plants in the U.S. produce high-strength BOD aqueous waste
streams that require costly on-site or off-site treatment before being released back into the
environment. BOD measures the mass of oxygen consumed when a material is fully degraded
or oxidized and is typically used to gauge the level of biodegradable organic compounds in a
liquid. In U.S. regulatory (Environmental Protection Agency) parlance, “high strength” BOD
generally refers to an acceptable upper threshold release level of 300 mg L-1 (or higher,
depending on product) (EPA, 2022b) while local regulations can be more stringent. Levels
above can incur a POTW “sewer surcharge” (Appendix C.1) which ostensibly helps cover the
increased maintenance and operating expenses required to mechanically aerate and fully
oxidize the material (Monroe County, NY, 2022). Aeration processes generate CO2 and
requires large amounts of electricity which significantly contribute to the U.S.’s overall
greenhouse gas (GHG) emissions profile due to the U.S. electrical grid’s overwhelming
dependence on fossil fuels (EIA, 2022). Although these effluents are not generally harmful to
human health per se (e.g., dairy and tofu whey are often used as food supplements in many
parts of the world), their high BOD concentrations can easily render marine life habitats
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hypoxic. In the U.S., most of these high strength wastes are comingled and mixed with other
residential and commercial effluents and subsequently treated at a POTW.
Though proven on-site treatment technologies exist (e.g., dissolved air flotation,
anaerobic digestion, reverse osmosis, etc.) that reduce BOD levels below the 300 mg L-1
threshold (and therefore enable manufacturers to avoid surcharges), these systems typically
require significant upfront capital and/or operational skills that can be burdensome to the
average food manufacturer (FWRA, 2014). Combined with the fact that waste disposal is
inherently outside the scope of their mission (which is to maximize shareholder wealth by
producing and selling foodstuffs), a less complicated, scalable, environmentally friendly, and
economical solution is needed to convince those manufacturers to perform this task themselves
rather than simply relying on traditional POTW disposal. Some food manufacturers currently
try to bridge this gap by using granular activated carbon filtration systems. Granular activated
carbons are produced by pyrolysis, then steam or chemical treatment (i.e., “activation”). Coal,
hardwood, and coconut shells are common feedstock materials currently used in environmental
remediation, municipal water treatment, and niche food applications such as the purification
of distilled alcoholic beverages (TIGG, 2022b). Adsorbed and absorbed contaminants are then
often eliminated by a “reactivation” pyrolysis process at ~900 °C which enables the granular
activated carbon to then be reused (TIGG, 2022a). While these granular activated carbons have
many advantages, they generally cannot be considered sustainable (except for coconut shells)
due to the widespread use of nonrenewable coal (i.e., “coke”) and virgin hardwood materials
as their primary feedstock and the significant energy required to increase their surface area
beyond the level that can be attained by simple pyrolysis at ~500 °C. This aside, their current
potential as a BOD adsorbent in the food and beverage industry only appears limited by their
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high cost which, according to Alhashimi and Aktas (2017), ranges “between $0.34–$22/kg
[$340-$22,000 USD t-1] based on 13 data points” (p. 12) but were found by the author to be as
much as $26,480 USD t-1 delivered (Barber, 2017).
Alternatively, biochar is created from waste biomass that has been intentionally heated
in a zero- or low-oxygen environment via pyrolysis and has been shown to be a successful soil
amendment, fostering plant growth while sequestering anthropogenic CO2 emissions (Fryda
& Visser, 2015; Bonanomi et al., 2017; Lehmann et al., Steinbeiss et al., 2009). While biochars
and granular activated carbons share many similarities, biochars have lower standard enthalpy
of formations due to the exothermic nature of mid-temperature pyrolysis (~500 °C), whereas
granular activated carbons are inherently endothermic, possessing a large carbon footprint to
manufacture and expense due to the secondary chemical or high temperature steam activation
(~600–1200 °C). Subsequent gains in surface area (and thus adsorptive capacity) decrease as
one increases energy (temperature) expenditure beyond 500-600 °C. Thus, while a granular
activated carbon of the same feedstock would always have higher surface area in m2 g-1 than a
comparable biochar produced at lower temperature, the increased adsorption capacity
“payback” should ideally outweigh the added energy input “cost.” Biochars typically possess
a monetary cost advantage over granular activated carbons since they are traditionally
produced from a wide variety of uncontaminated organic waste materials which would
otherwise be disposed of and have little to no economic value (i.e. “zero or negative cost”)
whereas granular activated carbon feedstocks have alternative commercial uses (e.g. fuels,
building materials, etc.) and/or intangible natural capital value in situ (e.g. forests for wildlife
conservation, oxygen production, shade, etc.). Lastly, granular activated carbons are often
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burned in furnaces when their useable life is over, releasing even more GHGs and finally
closing the carbon loop.

Literature Review and Research Gaps
Google Scholar, ISI Web of Knowledge, Rochester Institute of Technology (RIT)
proprietary search engine “Summon,” and the International Biochar Initiative’s (IBI)
publication databases were independently surveyed for aqueous food waste filtration with
biochar and the application of “nutrient loaded” biochar as a soil amendment. These sources
were chosen for their depth and breadth of scholarly and peer-reviewed publications and
relevancy. Generally accepted grey literature such as articles in the International Biochar
Initiative (IBI) was also included when appropriate. The key finding of this search revealed
that a great many (300+) studies tested the efficacy of biochars as an adsorbent to remove
heavy metal ions from non-food, non-biodegradable manufacturing effluents, whereas far
fewer examined their use in food production. Furthermore, only a handful investigated the
potential of nutrient-loaded biochars to supplement plant growth in potting soil (Mohan et al.,
2014; Inyang & Dickenson, 2015) or as an effective nitrate carrier (Hagemann et al., 2017).
None appeared to quantify the financial impact of adding biochar to potting soil or determine
a “fair price.” A possible explanation as to why these connections have not been investigated
more extensively is that the removal of heavy metal ions in manufacturing has been more of a
priority due to their proliferation and profound direct impact on human health in newly
industrializing emerging economies, whereas high BOD food waste flows are generally only
directly harmful to aquatic biota and not humans per se. In addition, since synthetic fertilizers
(derived from the by-products of petroleum refining) have been relatively low cost and
abundant, there simply has not been an economic impetus to investigate the use of filtered high
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BOD material for use as a plant nutrient supplement (Galloway et al., 2008). This current
arrangement appears unsustainable given increasing challenges from population growth,
potable water quality management, and the recognized need to decarbonize the world’s
economies. This review made it clear that a gap exists in the literature of studies that combine
the use of biochar to treat food manufacturing point source pollution while circularly and
vertically integrating an entire region’s food growing, production and disposal activities. The
research presented here attempts to fill that gap by testing biochar as both an adsorbent of
biodegradable high BOD aqueous food processing wastes and then as a nutrient carrying
potting soil amendment.

Research Objectives
Consequently, the goal of this study was to assess the potential viability of a vertically
integrated biochar adsorbent filtration system to be both a cost-effective and more sustainable
method for reducing high-strength BOD wastewater discharges from food processing plants
and utilize the nutrient-laden biochar as a value-added soil amendment and fertilizer in high
net profit per hectare greenhouse grown vegetables and herbs. In other words, could biochar
be used as both an effective food waste filtration medium and nutrient carrier to increase food
production more sustainably and profitably? To test this hypothesis, biochars were created
from common organic waste materials and systematically assessed for their ability to
physiochemically adsorb (and thus remove) the source of BOD found in tofu whey. Tofu whey
was specifically chosen due to its high BOD concentration, elevated levels of beneficial plant
nutrients (e.g., P, K, N, Mg, etc.), global importance as a source of non-animal protein, and the
fact that outside of the U.S. it is mostly produced by home-based or medium scale businesses
in areas with little or no formal wastewater treatment capabilities (Faisal et al., 2014).
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Measuring BOD reduction was the quantitative goal as the local tofu producer who provided
the whey pays an annual POTW surcharge of roughly $60,000 USD or $300 USD production
day-1 ($.013 L-1) based on BOD discharge levels above 300 mg L-1. Additionally, since potable
water has become increasingly scarce worldwide, there is growing impetus to reduce, reuse,
and recycle water from every step of “farm to fork” process chains. According to the local
producer, tofu production is water-intensive and requires an estimated 20.87 L per kg finished
product. Potential advantages of this approach could also include a reduction in the physical
volumes of solid food and household yard wastes, the creation of value-added nutrient rich soil
amendment products, and a straightforward and simple method to sequester anthropogenic
CO2-eq. Physical qualities such as porosity and surface area were linked to estimate savings,
and value of adding biochar to potting soil were calculated. This last point is important given
that commercial greenhouses expend significant amounts of capital annually procuring potting
mixes which typically contain peat moss and perlite, both possessing significant embodied
carbon and causing environmental damage in their manufacture (Valva et al., 2015; Adewale
et al., 2016). Calculating and comparing the economic benefits of filtered vs. unfiltered biochar
in potting mix of basil and lettuce plantings (as published in Barber et al., 2018) is of utmost
importance to growers.

Research Materials and Methods
3.4.1 Biochar Feedstock & Preparation
Maple (MB), grapeseed (GSB), cherry pit (CPB), spent brewery grain (SBG), and
soybean curd residue (SCR) biochars were produced and compared to granular activated
carbon (Sigma-Aldrich #C2889) which acted as control. MB was prepared as described in
Chapter 2. Maple was chosen since it is a very common and relatively inexpensive hardwood
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in the Northeastern U.S., has a good surface area (211 m2 g) without elaborate post-processing
activation, currently used in activated carbon filtration, and was found in previous studies to
effectively sequester CO2 due to its low O:C molar ratio (Lehmann et al., 2009). GSB biochar
was derived from previously crushed white varietal grape seeds acquired from a commercial
winery in the Finger Lakes region of New York State (NYS). Grape seeds were chosen since
they have no commercial use after being crushed and the grapeseed oil extracted. CPB was
derived from whole sour cherry pits (Prunus cerasus L) obtained from a commercial cherry
juice producer in the Finger Lakes region of NYS; when dried, they have an alternative use as
a solid fuel. Both GSB and CPB were processed in a top-lit updraft (TLUD) retort (Biochar
Central, Atlanta, USA) whose HHT is estimated between 400-600 °C. SBG was made from
spent beer brewery grain obtained from a small-scale brewery in the Finger Lakes region of
NYS and produced in a “Biogenic Refinery” pyrolysis system (Biomass Controls, Woodstock,
CT, USA) with an estimated HHT between 400-500 °C. SCR feedstock was acquired from
the same tofu manufacturer that provided the whey. Creating BC from this solid byproduct of
tofu production was of particular interest due to the potential for synergistic sustainability
benefits derived by a firm using its solid waste to reduce the environmental and economic
impact of its aqueous waste. Though soybean curd itself has proven benefits as a protein
supplement (Chua & Liu, 2019), in the U.S. most often it is disposed of by landfilling or
incineration (Faisal et al., 2016).
3.4.2 Biochar Filtration Tests & Characterization
The primary method used to test the relationship between the BCs physiochemical
properties, and their ultimate BOD adsorptive capacities was the ASTM D3860-98(2020)
“Determination of Adsorptive Capacity of Activated Carbon by Aqueous Phase Isotherm
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Technique.” These results (mg BOD adsorbed g biochar-1) were then used to estimate the mass
of biochar needed to equivalently treat BOD in tofu whey at the rate of 5g of granular activated
carbon per 100ml. From this, an “inefficiency multiplier factor” (IMF) was calculated referring
to how much more mass of a particular biochar would be necessary to achieve the same
adsorption efficiency as granular activated carbon for a given a volume of tofu whey. In turn,
this can help manufacturers determine what size biochar filtration system would be necessary
to treat a given volume of effluent compared to granular activated carbon. The 5% m/v ratio
(5g/100ml) was chosen to strike a balance between the carbons interpolated total adsorption
capacities in mg BOD ml-1 of effluent as extrapolated from Freundlich adsorption isotherms
and insights gleaned from producers of actual working granular activated carbon systems in
use today. Calculating these variable operating expenses (i.e., the adsorption unit and biochar
inputs, respectively) can help food manufacturers make an informed decision on whether to
adopt such a system. Ideally these should be less than the present value (i.e., cost) of their
existing POTW surcharges and/or cost of water over the same timeframe. Surface area and
pore size tests were completed to better establish the relation between a biochar’s physical
structure and adsorptive capabilities by utilizing a multipoint Quantachrome NOVA 4000e
surface area analyzer (18 adsorption and 10 desorption points), based on the BrunauerEmmett-Teller (BET) theory of nitrogen gas adsorption on solid surfaces as described in
Chapter 2. Additional standard analytical measurements (Priyantha et al., 2016) such as pH
with an Orion 3 Star pH meter, electrical conductivity (EC) with an Orion 115A conductivity
meter, H, N, O ultimate analysis, proximate analysis, and total elemental analysis with ICP as
well as macro and micronutrients, chlorides and sulfates were performed by Dairy One (Ithaca,
NY, USA) on the pre- and post-MB filter treated effluent. According to the manufacturer, the
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relative accuracy of the Orion meter (pH) is +/- 0.002, (conductivity) +/- 0.5% and it is
assumed that ICP-OES results are accurate within +/- 5% as found in a previously published
study on measurement uncertainty in ICP-OES (Senila et al., 2014). All these tests help
comprehend what nutrients could be available for plant growth and thus inform which specific
vegetables might be best paired with a particular “nutrient-loaded” biochar.

Results and Discussion
3.5.1 Preliminary Batch Filtration Testing
Preliminary batch adsorption isotherm (AI) tests showed AC is superior to MB in
reducing COD levels in full strength TW at varying ratios of mass adsorbent/volume effluent.
Extrapolating the results, AC and MB could theoretically reduce COD from 21,206 mg COD/L
to 639 mg COD/L and 6,296 COD/L respectively after a two-hour soak (Figures 3.1, 3.2). The

Figure 3.1 AI of AC to filter concentrated TW

Figure 3.2 AI of MB to filter concentrated TW

second series of tests involving 1:10 diluted TW (1/10th of the original belt press
concentration) suggest a decreased efficiency of COD adsorption per gram in AC and MB with
more pronounced decrease in MB. Though uncertain exactly why, it is postulated differences
in macro/micro pore makeup (i.e., number of pores vs. the average diameter of those pores)
and surface chemistry between the two is responsible. The key takeaway is that if the goal is

49

Figure 3.4 Adsorption Isotherm of MB to Treat
1:10 Diluted Tofu Whey

Figure 3.3 Adsorption Isotherm of AC to Treat
1:10 Diluted Tofu Whey

to create a BC or AC nutrient carrier, it is best to filter the highest possible concentration of
wastewater to efficiently adsorb the most nutrients. Testing SCR biochar for its adsorptive
ability to adsorb COD from TW was of particular interest due to the synergistic benefits
derived from using the solid waste stream of a process to treat the liquid waste stream of the
same process. SCR was found only marginally productive in adsorbing COD (Figure 3.5)
which is not surprising given its very low surface area (1.66 m2 g-1).

Figure 3.5 Adsorption Isotherm of SCR to Treat 1:10 Diluted Tofu Whey
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3.5.2 Biochar Adsorption & Characterization Results
Based on these preliminary results, a more comprehensive series of adsorption and
characterization tests were performed. Table 3.1 provides an overview of the balance between
adsorption efficiency and cost effectiveness of MB, GSB, CPB and SBG to AC. Adsorption
efficiency is measured by “BOD Reduction (mg L-1, 50g biochar)” indicating how many mg
of BOD would be removed from a L of tofu whey at a 1:20 w/v % ratio with an average starting
BOD level of 15,830 mg L-1 and assumed BOD/COD ratio of 0.78. There was a wide range
from 82% (granular activated carbon) to 5% (spent brewers grain biochar). AC’s superior
performance appears to be a result of the combination of high surface area, pore size, and
volume, whereas the poor efficiency of SPG was most likely a result of its low surface area
and pore volume. MB had the best (i.e., lowest) “inefficiency multiplier factor” (IMF) of 1.4,
meaning that 70g of MB would be required to filter the same 12,981 mg L-1 BOD that 50g of
AC would. Conversely, SBC had the worst IMF of 17 with 850g required to equivalent 50g of
AC. The key outcome is that with the IMF, one can easily calculate the “equivalent cost” a BC
would need to be (or lower) to be as cost-effective nutrient carrier as AC. Equivalent cost is
calculated by dividing the cost of the standard compared to by the IMF. For instance, the AC
Table 3.1 Relative efficiency of BCs to lower BOD levels in TW (average start 15,830 mg L-1, assumed
BOD/COD ratio = 0.78).
)

Ave.
BET
Ave.
Biochar
Surface Pore Size
Type
Area
(Å)
2
-1
m g

Ave.
Total
Pore
Volume
(cm3 g-1)

Ave. BOD
Reduction Ave. BOD Inefficency
(mg L-1,
Reduction Multiplier
50g
(%)
Factor
biochar)

Equiv.
Cost
(USD$
kg-1)

GAC

606

14.87

0.504

12,981

82%

1

2.64

MB

211

15.60

0.155

9,181

58%

1.4

1.89

GSB

345

11.21

0.199

7,123

45%

1.8

1.47

CPB

262

10.66

0.210

3,641

23%

3.6

0.73

SBG

83

17.81

0.073

792

5%

17

0.16
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used in this study was quoted from the manufacturer at $2.64 USD kg-1 FOB Rochester, NY
USA, and therefore MB would need to be procured at $1.89 USD kg-1 or less ($2.64 USD kg-

Figure 3.6 Reduction of BOD vs. BET surface area
1

/1.4 = $1.89 USD kg-1) since 1.4kg, not 1kg, is required to match ACs adsorption ability.

Similarly, SBG would need to be produced and delivered at a cost of $0.16 USD kg-1 or less
($2.64 USD kg-1/17 = $0.16 USD kg-1). Determining equivalent cost by empirical IMF
experimentation is crucial to enhance food production sustainability in “the real world” since
procurement managers and CFOs at these firms primarily make waste management buying
decisions to maximize shareholders’ (owners’) wealth by optimizing the benefit they receive
for a given unit of cost. An important caveat with these figures is that the volume of the
adsorption tanks required would need to be proportionally greater by the IMF as well to
account for the greater volume of absorbent required. This would lower the NPV by the present
value of the extra fixed (equipment) and variable (labor) costs required.
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The average BET surface areas of the carbons studied ranged from 83 m2 g-1 (SBG) to
606 m2 g-1 (AC) while pore size varied from 10.66Å (CPB) to 17.81Å (SBG) and pore volume
0.073 cm3 g-1 (SBG) to 0.504 cm3 g-1 (AC). Though not quantified here due to small statistical
sample size (n=5), some degree of correlation appears to exist between surface area and BOD
adsorption (Figure 3.6, prepared with Minitab statistical software), in line with other published
studies, whereas pore size and BOD adsorption are completely uncorrelated (Figure 3.7).
Scatterplot of BOD Reduction (mg L-1 ) vs Total Pore Volume (cc g-1 )
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Figure 3.7 Reduction in BOD vs. average pore size
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Figure 3.8 Reduction in BOD vs. total pore volume.

Likewise, no apparent correlation appears to exist either between average pore volume or BOD
reduction (Figure 3.8). The average pH of the tofu whey varied from 4.89 - 6.55 depending on
time and day sampled, and consistently increased with biochar and granular activated carbon
treatment (Table 3.2).
Table 3.2 pH of carbons, filtered, and unfiltered TW.
Carbon
Activated Charcoal
Maple Biochar
Grapeseed Biochar
Cherry Pit Biochar
Spent Brewer Grain BC

Carbon pH
9.37
8.70
9.35
8.92
9.61

Pre Filtered TW pH
6.10
6.10
6.55
6.55
4.89

Post Filtered TW pH
8.44
8.4
9.51
7.93
8.06

BC’s well-documented ability to substantially increase alkalinity in effluents (Fidel et
al., 2017) is of relevant consideration for food manufactures if “end of pipe” pH needs to be
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increased for local surcharge or other environmental factors. Additionally, based on anecdotal
feedback from growers, policymakers, and the public, it is of utmost importance to understand
what elements, nutrients, or compounds are leached from biochar to the effluents themselves.
Table 3.3 illustrates the chemical analysis of unfiltered deionized water and the same deionized
water filtered with 5% (v:v) MB. Noticeably, K, Ca, P, Na, Mn, chlorides, and nitrates were
“washed” from the biochar though only P, K and Mn were raised above levels expected in
water fit for human consumption (Walker, 1995).
Table 3.3 Chemical analysis of DI water vs. DI water filtered with 5% (v:v) MB.
Component
Nitrates, ppm
Nitrates - Nitrogen, ppm
Sulfates, ppm
Sulfates - Sulfur, ppm
Chlorides, ppm
Calcium (Ca), ppm
Phosphorus (P), ppm
Magnesium (Mg), ppm
Potassium (K), ppm
Sodium (Na), ppm
Iron (Fe), ppm
Zinc (Zn), ppm
Copper (Cu), ppm
Manganese (Mn), ppm
Molybdenum (Mo), ppm
pH

Expected Criteria,
Water Fit for Human
Consumption
0 – 44.00
0 – 10.00
0 – 250.00
0 – 83.00
0 – 250.00
0 – 100.00
0 – 0.30
0 – 29.00
0 – 20.00
0 – 100.00
0 – 0.30
0 – 5.00
0 – 0.60
0 – 0.05
0 – 0.07
6.8 – 7.5

Deionized Water
Filtered With 5% (v:v)
MB
6.00
1.00
5.00
2.00
17.00
20.20
4.20
6.00
59.40
4.30
.08
.08
.13
.17
< 0.01
6.9

Unfiltered Deionized
Water
ND
ND
6.00
2.00
< 10.00
.20
.10
< 0.10
.20
.90
< 0.01
.01
.02
< 0.01
< 0.01
7.4

Table 3.4 illustrates the macro and micronutrient elemental makeup of the MB pre- and
post-filtration sorted by % change in mass post filtration. While the mass of all macro and
micronutrients increased, Na adsorbed from the tofu whey increased the most as an overall
percentage of total mass from 1% to 10.6% and in mass itself from 139.1 mg to 1,635.6 mg
(+1,175.8%). This is of concern since numerous studies shown that elevated levels Na could
cause salinity stress conditions and inhibit plant growth (Kumar et al., 2015). Among other
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macronutrients, S increased from 1.7% to 3.8% while Ca and K increased in mass though
decreased as a proportion of the total (55.1% to 46.5% and 29.2% to 24.6% respectively). In
micronutrients, Cu and Fe had the greatest increases (1.0% to 1.7% and 0.1% to 0.6%
respectively), which are both commonly known to benefit growth in basil and lettuce plants
(Zheljazkov & Warman, 2003).
Table 3.4 Major and minor elemental nutrient balance in maple biochar, pre- and post-tofu
whey filtration (sorted by % change in mass kg-1).
Element

Unfiltered
Maple Biochar
mg

Total
(%)

Na
S
P
Mg
Ca
K

139.1
231.1
391.8
832.3
7,583.8
4,020.4

1.0
1.7
2.8
6.1
55.1
29.2

Cu
Fe
Cr
Si
Al
B
Zn
Mn

11.6
141.1
19.7
23.1
39.7
17.8
20.0
193.9

0.1
1.0
0.1
0.2
0.3
0.1
0.1
1.4

Tofu Whey
Filtered Maple
Biochar
Total
mg
(%)
Macronutrients
1,774.6
10.6
634.2
3.8
486.7
2.9
1,029.3
6.2
7,758.4
46.5
4,106.1
24.6
Micronutrients
94.4
0.6
290.7
1.7
35.0
0.2
37.1
0.2
60.8
0.4
26.7
0.2
28.4
0.2
229.3
1.4

Change in Mass

Retained

mg

Change
(%)

As % of
total

1,635.6
403.1
94.9
197.0
174.6
85.7

1175.8%
174.4%
24.2%
23.7%
2.3%
2.1%

55.7
13.7
3.2
6.7
6.0
2.9

82.8
149.6
15.3
13.4
21.1
8.9
8.4
35.4

713.8%
106.0%
77.7%
60.6%
53.1%
50.0%
42.0%
18.3%

2.8
5.1
0.5
0.5
0.7
0.3
0.3
1.2

3.5.3 Economic Analysis of Blending Potting Mix With BC
Anecdotally, one of the main questions growers always have about BC is the estimated
cost. A convenient way to normalize that calculation is to examine the price effect on BC
addition in a standard 1.14L (.3 gal) pot typically used in greenhouses for one growing plant.
Table 3.7 breaks down the component cost of a typical potting mix ($0.148 USD) made from
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75% peat moss and 25% perlite assuming in a 1.14L (.3 gal) pot. The retail cost (estimated
from a survey of online U.S. retailers) of 1 ft3 of peat moss is $3.49 USD ($123.25 USD m3,
$0.124 USD L-1) and perlite $4.75 USD ($167.75 USD m3, $0.166 USD L-1). Assuming no
positive or negative growth effects from using BC, the cost of BC to displace peat moss and
perlite would therefore have to remain under the weighted average cost of $0.124 USD (peat
moss) and $0.166 L-1 USD (perlite) to remain financially advantageous. A grower’s actual
wholesale price of peat moss and perlite can vary significantly from the average retail prices
used here and should be carefully accounted for when attempting to replicate this evaluation.
Table 3.5 Potting mixture pricing (online U.S. sample average retail).
Potting Mix
Ingredients
Peat Moss
Perlite
Total Cost (USD$)

Unit Price
(USD$ L-1)
$0.124
$0.166

% in Control Mix
75%
25%

Cost (USD$) per
Plant (1.14L)
$0.106
$0.042
$0.148

Based on plant growth data in Table C.2 from Barber et al. (2018), “Closing Nutrient
Cycles with Biochar- From Filtration to Fertilizer,” the gross income (GI, equivalent to
revenue minus cost of goods sold), of 1) growing lettuce in potting mix, 2) potting mix +
unfiltered MB, and 3) potting mix + filtered MB and hypothetically sold at an wholesale price
of $6.61 USD kg-1 (USDA, 2017) was calculated. For ease of comparison, results presented
assume MB was procured at the same average cost as potting mix (i.e., $0.1298 USD L-1 or
$426.97 USD t–1 using MBs density of 0.304kg L-1). It was found that in all cases displacing
potting mix with BC at the same price resulted in higher revenues due to significantly increased
fresh weight yields (Table 3.8). The highest increase in gross income per plant (48%) occurred
at the 10% unfiltered amount. 5% TW filtered had the second highest increase (46%), which
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is significant since essentially half the amount is required to produce the same effect. 20% in
both filtered and unfiltered resulted in smaller yield increases than 5% and 10% levels.
Table 3.6 Projected financial impact of adding unfiltered and filtered BC for buttercrunch lettuce (est. wholesale
price of $6.61 USD kg-1, USDA). Fresh weight data from Barber et al., (2017).

Control,
no BC
MB,
unfiltered
MB,
filtered

Revenue
per Plant

Gross
Income
per
Plant

%
Increase
in Gross
Income
Over
Control

Breakeven
Cost of
Biochar
(USD$ t-1)

$0.148

$0.760

$0.612

-

-

139

$0.148

$0.919

$0.771

26%

$9,591

10

159

$0.148

$1.051

$0.903

48%

$8,824

20

140

$0.148

$0.925

$0.777

27%

$2,813

5

158

$0.148

$1.044

$0.896

46%

$16,839

10

153

$0.148

$1.011

$0.863

41%

$7,679

20

151

$0.148

$0.998

$0.850

39%

$3,862

%
Biochar

Fresh
Weight
Lettuce
(g)

PM
Cost
(USD$
1.14L-1)

0

115

5

Using Microsoft Excel Solver, the maximum price BC could cost per metric ton
delivered to equal the control (no BC) GI of $0.612 USD per plant was then calculated (i.e.,
“Breakeven Cost of Biochar ($USD t-1)”). This was performed by holding the “% Change in
Gross Income Over Control” at 0 while changing the component cost of BC at 5%, 10%, and
20% and ranged from $2,813 USD t-1 to $16,839 USD t-1, dependent on the amount of extra
fresh weight generated and mass of BC. In other words, displacing potting mix with filtered
MB at the 5% rate would be a net benefit to the lettuce grower so long as the filtered MB cost
less than $16,839 USD t-1. In the worst-case scenario (20%, unfiltered), MB could cost as much
as $2,813 USD, and adding unfiltered MB to potting mix would prove financially beneficial
to lettuce growers since the average [U.S.] wholesale price for pure BC is $2.06 USD kg-1
($2,060 USD t-1) (Jirka & Tomlinson, 2014) and would result in more GI than control despite
a 382% higher price than potting mix. This “breakeven cost of biochars” figure is analogous
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to the financial Internal Rate of Return (IRR) calculation, where the higher the breakeven cost,
the better.
Based on plant growth data in Table C.3 from Barber et al. (2018), “Closing Nutrient
Cycles with Biochar- From Filtration to Fertilizer,” the gross income (GI, equivalent to
revenue minus cost of goods sold), of 1) growing basil in potting mix, 2) potting mix +
unfiltered MB, and 3) potting mix + filtered MB and hypothetically sold at an wholesale price
of $16.93 USD kg-1 (USDA, 2017) was calculated. As with lettuce, results presented here
assume MB was purchased at the same average cost as potting mix (i.e., $0.1298 USD L-1 or
$426.97 USD t–1 using maple biochar’s density of .304kg L-1). It was also found that displacing
potting mix with BC at the same price resulted in higher revenues due to significantly increased
fresh weight yields. The highest increase in gross income per plant vs. control (112%) occurred
at the 10% filtered and unfiltered amounts. As with lettuce, the 5% filtered amount is
significant since half the amount of MB is required to create the same effect. 20% in filtered
had no more effect (112%) though unfiltered resulted in a smaller increase in GI (77%).
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Table 3.7. Projected financial impact of adding unfiltered and filtered biochar for basil (est. wholesale price of
$16.93 USD kg-1, USDA). Fresh weight data from Barber et al., (2017).

%
Biochar

Fresh
Weight
Basil
(g)

PM
Cost
per
Plant (@
USD$
1.14L-1)

Revenue
per Plant

Gross
Income
per
Plant

%
Change
in Gross
Income
Over
Control

Breakeven
Cost of
Biochar
(USD$ t-1)

0

23

$0.148

$0.389

$0.241

-

-

5

29

$0.148

$0.491

$0.343

42%

$6,312

10

39

$0.148

$0.660

$0.512

112%

$8,255

20

34

$0.148

$0.576

$0.428

77%

$3,120

5

37

$0.148

$0.626

$0.478

98%

$14,128

10

39

$0.148

$0.660

$0.512

112%

$8,255

20

39

$0.148

$0.660

$0.512

112%

$4,341

Control,
no BC
MB,
unfiltered
MB,
filtered

Using Microsoft Excel Solver, the maximum price biochar could cost per metric ton
delivered to equal the control (no BC) GI of $0.241 USD per plant was calculated (“Breakeven
Cost of Biochar ($ USD t-1)”). This calculation was performed by holding the “% Change in
Gross Income Over Control” at 0 while changing the component cost of biochar at 5%, 10%,
and 20%, and ranged from $3,120 USD t-1 to $14,128 USD t-1, depending on the amount of
extra basil fresh weight generated and mass of BC used. In other words, displacing potting mix
with filtered MB at the 5% rate would be a net benefit to the basil grower so long as the filtered
MB costs less than $14,128 USD t-1. Interestingly, since in the “worst case” scenario (i.e.,
20%, unfiltered) MB could cost as much as $3,120 USD t-1 to break even, adding unfiltered
MB to potting mix would prove financially beneficial to basil growers since the average U.S.
wholesale price for pure BC is approximated at $2,060 USD t-1.

Conclusions
Many food manufacturers in the U.S. are attempting to reduce the environmental
footprint of their high biological oxygen demand (BOD) effluents due to increased risk of
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financial surcharges from publicly owned treatment works, water scarcity issues, and changes
in societal opinions about large-scale biodegradable waste releases. Managers at these firms
are often reluctant to consider on-site processing due to their fear of committing to unfamiliar
and complex wastewater treatment processes with excessive capital expenditures. While an
abundance of research has been performed on the use of biochar to mitigate the problem of
heavy metal ions from traditional manufacturing effluents by filtration, little is known of
biochar’s potential to treat high BOD industrial aqueous food wastes. This chapter attempted
to fill this gap by gauging the environmental and financial sustainability of a vertically
integrated biochar filtration system, wherein maple wood biochar is used to adsorb BOD from
tofu whey effluent and then be subsequently re-utilized as a value-added soil amendment to
improve crop quality and yields. Subsequent studies by plant scientists using this actual
biochar material confirmed this hypothesis (Barber et al. 2018). In that study, fresh weight in
basil and lettuce increased significantly above the no biochar and unfiltered biochar controls
at the 5% filtered and 10% unfiltered amounts.
While these trials were very promising, a broader set of experiments need to be
performed to pinpoint the exact adsorption mechanisms involved which caused the actual yield
increases to optimize unique effluent/biochar combinations for the greatest economic and
environmental impact. Additionally, investigations are needed to demonstrate the operational
efficacy and financial efficiency of retrofitting “off the shelf” carbon filtration systems to run
on less formally processed biochars. Determining the net benefit of actually selling nutrientladen biochar to growers minus the additional fixed filtration system and variable biochar costs
is a prerequisite before any producer would seriously consider adopting this technology. The
next logical next step therefore is to form research partnerships with industrial granular
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activated carbon filtration firms to further test these hypotheses at scale and calculate the actual
costs involved to procure, retrofit, transport, and operate in “real world” situations with willing
and forward-thinking food manufacturers. Longer term greenhouse studies comparing BOD
concentration with increases in fresh weight vs. duration of beneficial effect beyond one
growing season are necessary. There is value in educating potting mix producers on the
potential increased profitability of biochar additives, who would then have a real incentive to
educate their commercial grower customers and thus help spur the advancement of a more
efficient production marketplace for biochar itself, which is currently highly fragmented. The
high calculated “breakeven biochar cost” makes this scenario realistically possible, since
increased profit is available to the entire chain of biochar producers, food manufacturers,
granular activated carbon filtration equipment manufacturers, and potting mix suppliers, as
well as specialized vegetable growers if their efforts are coordinated. Overall, this novel
approach could help food and beverage manufacturers sustainably reduce their carbon and
water footprints by harvesting and monetizing the nutrients found in their wastewaters,
allowing farmers to close regional nutrient cycles by returning nutrient rich carbon to the soil
and reduce the use of costly synthetic fertilizers, peat moss and perlite soil amendments in high
value greenhouse crops.
3.6.1 Key Findings & Results
•

To create an effective BC nutrient carrier, it is best to filter the highest possible
concentration of wastewater to adsorb the most BOD.

•

An “inefficiency multiplier factor” (IMF) was developed, determining how many kg
of BC would be necessary to store the same BOD as a kg of AC.
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Based on the IMF, an “equivalent cost” was extrapolated, telling the user how high the

•

price a BC could be per kg to store the same BOD as a kg of AC.
Using actual plant growth data from Barber et al. (2018), “Closing Nutrient Cycles

•

with Biochar- From Filtration to Fertilizer,” the value of BC to lettuce and basil
growers was calculated, ranging from $2,813 USD t-1 to $16,839 USD t-1. This is
promising given that the average U.S. wholesale price for BC is only $2,060 USD
(International Biochar Initiative, 2022).
The “breakeven cost of biochars” value calculated is analogous to the Internal Rate of

•

Return (IRR) metric used in finance (the higher the better).
3.6.2 Suggested Future Research Activities
•

Partner with plant scientists for longer term greenhouse studies to test unique
effluent/biochar combinations in different high value greenhouse crops and BOD
concentration vs. increase in fresh weight and duration of beneficial effect beyond one
growing season.

•

Form research partnerships with industrial granular activated carbon filtration firms to
further test these hypotheses at scale and calculate the actual costs involved to procure,
retrofit, transport, and operate in “real world” situations.

•

Work with and educate commercial potting mix producers on the potential increased
profitability of biochar additives.
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Chapter 4: Chapter 4: Biochar as a Replacement for Carbon
Black Pigment in Commercial Inks
Introduction
The ability to transform wastepaper into a novel, cost-effective, environmentally
friendly, and sustainable black pigment for use in common consumer and commercial printing
applications (e.g., inkjet, lithography, and flexography) could revolutionize the printing
industry’s efforts to become “greener” by lowering the carbon footprint of ink production. The
primary focus of this research was to empirically determine the ability of biochar (BC) to
replace the heavy fuel oil derived carbon black (CB) pigment ubiquitously used in ink
manufacture since the late 1800s. Reducing global CB use in printing inks would lessen the
demand for fossil fuels, decrease printing’s environmental impact, and potentially save money
since BC is typically created from free or low-cost waste feedstocks which would ordinarily
be disposed of. Prior published scientific research and patents demonstrate that BC could be
successfully made from box cardboard, paper towels, and glossy paper. If these paper waste
BCs could then be successfully transformed into a sustainable black ink pigment replacement,

Figure 4.1 Wastepaper recycling center. Source: NYT, May 29, 2018
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significant commercial “circular economy” potential exists to take the waste of one process
(Figure 4.1) and use it as a low-cost input for another. A niche for BC pigment seems viable
given worldwide sales of black inks used in everything from pens to inkjet print cartridges and
commercial printing are projected to reach up $23 billion by 2023 (P&S Intelligence, 2017)
with the “green” segment growing the fastest (PR Newswire Association LLC, 2021).
What gives black inks their striking dark color (Figure 4.2) is the carbon-rich pigment
CB derived from thermal decomposition or partial (incomplete) combustion of hydrocarbonbased fuels, typically heating oil and natural gas. As such, our current method of ink
manufacture is not sustainable nor environmentally benign since fossil fuels represent a finite
resource which will eventually be depleted (Bentley, 2002) and whose use is the most
significant contribution to climate change (Åhman et al., 2017). This necessitates a
fundamental re-examination of ink production itself to identify and develop a more progressive
approach combining the benefits of pre-industrial organic feedstocks with modern material
processing technologies for use in today’s more complex printing devices. Contemporary

Figure 4.2 Sid Richardson (now Tokai Carbon) SR201 carbon black.
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sustainable printing research has typically focused on creating “green” solvents and binders
(Robert, 2015) rather than replacing the fossil fuel derived pigments themselves.

Literature Review and Research Gaps
4.2.1 History and Development of Carbon Black as an Ink Pigment
Before examining the hypothesis that BC could be a sustainable and cost-effective
replacement for CB pigments in printing inks, a comprehensive literature review was
performed to understand the history, development, manufacture, and use of CB as a pigment
in printing applications. Google Scholar, ISI Web of Knowledge, Rochester Institute of
Technology (RIT) proprietary search engine “Summon,” and the International Biochar
Initiative’s (IBI) publication databases were independently surveyed. Print experts at RIT’s
Printing Applications Laboratory, a dedicated research & development unit of the Golisano
Institute for Sustainability were also elicited.
This investigation revealed CB has dominated as the pigment of choice for black
printing inks since the early 1900s (International Carbon Black Association [ICBA], 2022;
Wiborg, 1926; Apps, 1958). Before this period, CB was called “lamp black” (LB) and
manufactured in a “sac a noir” process whereby lamp oil or fats were left to smolder at low
temperatures in a relatively oxygen-free closed animal skin tent then beaten to dislodge the
soot and collected. LB was used in many famous works such as the Gutenberg Bible (Schwab,
et al., 1985) and by Rembrandt (Winter & Fitz Hugh, 2007). “Bone black” (BB), on the other
hand, was the most widely used black colorant in pre-industrial painting and printing (Wiborg,
1926). BB formed a durable pigment created by slowly heating animal bones and ivory at low
temperatures in small air-restricted enclosures then grinding (Bloy, 1967). Both LB & BB
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Figure 4.3 Modern “furnace black” process. Source: Sid Richardson (now Tokai Carbon).

methods radically changed at the end of the 19th and early 20th centuries with the advent of
heavy oil as a feedstock in large steel vessels. According to Sid Richardson, the leading
manufacturer of CB in the U.S. (now Tokai Carbon), CB used for ink pigments are created by
the “furnace black process” which vaporizes, pyrolyzes, and atomizes heavy fuel oil in a large,
closed reactor under carefully controlled temperature and pressure conditions to form
microscopic carbon particles. The newly formed CB is then quenched, cooled, filtered, and
collected in large bags in a continuous process (Figure 4.3) similar in concept to the LB animal
skin tent of preindustrial times. According to the International Carbon Black Association
(ICBA), CB is one of the top 50 industrial chemicals produced worldwide with 8.1 × 106 t
manufactured annually. The primary consumer of CB is the tire production industry to
reinforce and strengthen rubber, whereas ink is second at 9% (Diamond, 2016). The chief
negative issue of CB regarding sustainability is that it is created by burning nonrenewable
heavy fuel oil at extremely high temperatures with equally nonrenewable and controversial
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fracked natural gas (ICBA, 2022; Sovacool, 2014). In fact, several municipalities in the United
States are banning the use of natural gas for heating and cooking in new construction due to
climate concerns (Mikulka, J., 2021). The key takeaways from this review are 1) the main
difference between LB and BB is that LB was derived from emulsified animal fats and BB
from solid organic material, 2) LB is most analogous to modern day CB (both being forms of
airborne soot), and 3) BB is a mechanically ground pyrolyzed solid that has no widely used
modern day equivalent. Functionalized BC is thus proposed as a “new BB” which fell out of
favor when modern CB was invented.
4.2.2 Literature Review of Biochar to Replace Carbon Black Ink Pigments
A comprehensive literature review was performed (similar in method to the previous)
to understand if BC or comparable material such as charcoal, activated charcoal, activated
carbon, char, or black carbon has been used as an ink pigment in lieu of CB. Little peerreviewed scientific work was found to have been performed on the potential use of BC as a
replacement for CB in ink pigments. Plausible reasons for this gap and general lack of interest
are: 1) the abundant and inexpensive availability of fossil fuels over the last century,
undermining any impetus to change; 2) CB’s consistent sub-micron size, exceptional circular
shape, and deep back hue from being one of the purest elemental forms of carbon available
(ICBA, 2022); 3) the depth and wide breadth of applications in modern industrial
manufacturing (most notably automobile tires and printing) that require immense volumes;
and 4) ability to scale up production.
The closest direct use of “solid derived” BC as a replacement for CB was described in
“Birchwood Biochar as Partial Carbon Black Replacement in Styrene-Butadiene Rubber
Composites” by Peterson et al. (2016) and “Novel Mineral and Organic Materials from Agro-
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Industrial Residues as Fillers for Natural Rubber” by Barrera and Cornish (2015). Barrera and
Cornish found that BCs from organic waste materials (eggshells, carbon fly ash, processing
tomato peels, and guayule bagasse) could successfully be used as filler for certain rubber
composites and theoretically could displace a large percentage of CB in their manufacture.
This concept of blending CB and BC in different proportions for an optimal balance of quality,
sustainability, and cost could be directly applicable to ink production. Another study found
that blending BC with styrene–butadiene rubber (SBR) at different proportions could improve
or at least maintain key performance characteristics in rubber (Peterson et al., 2016). Given
this, blending various ratios of carbon black to BC appears worth investigation. Interestingly,
the particle size determined by Peterson et al. (2016) necessary to augment rubber products is
smaller (<0.5μm) than required for modern ink jet printer cartridges (which have 10μm filters)
(Walker, 2022) and “good quality [copier and laser printers toners which] should have average
particle sizes around 10 μm” (Yang et al., 2003, p. 5569). BC has also been blended into inks
to increase conductivity in screen-printed thin films (Quaranta et al., 2016), 3D-printable
biocarbon reinforced polylactide (PLA) (Ertane et al., 2018), and 3D-printable polymer
composite filaments (Idrees et al., 2018). Expert elicitation of printing industry professionals
suggested that additional unpatented proprietary research in this field could exist but is not
published due to trade confidentiality.
The literature revealed that size, surface chemistry (e.g., dispersibility and charge) and
flow rate are the most limiting factors in the application of a particular CB in inks (Magdasi,
2009; Todd, 1994; Sanders, 1989). The average pigment particle in litho printing inks is
between 0.1–2 μm (Kipphan, 2001). Advances in modern grinding methods indicate that BCs
could easily be broken down to this same sub-micron range (Gao & Wu, 2014; Kotake et al.,
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2011). However, since the amount of energy expended comminuting a particle is roughly
inversely exponentially proportional to the size of the particle being ground (Miao, 2011),
applications where size is less of a concern for substitution is more desirable for sustainability.
For example, black inks for ink jet printers with ultrafine filters may require smaller particles
than flexo inks used for printing on everyday boxboard or cardboard. Since most packaging
print is flexo (McQuilken, 2015), eliminating the need for fossil fuels in their pigments could
represent a significant step towards achieving UN SDG #12 “Responsible Consumption and
Production” (Lu et al., 2015). Besides particle size, Breese and Dearmitt (2009) indicate that
absorbency is one the most important factors to successful ink production since “[CB] Particles
tend to agglomerate due to the attractive van der Waals dispersion force that becomes very
strong when particles approach each other closely. Dispersants act by preventing particles from
coming into close contact, thereby reducing the tendency towards particle agglomeration.”
Since BC and CB both exhibit a well-known hydrophobic or “non-dispersive” surface
chemistry (Kinney, et. al., 2012; Kiselev, 1968), surface functionalization (dispersive)
treatments will be required to create a hydrophilic BC that can be dispersed properly into
water-based solutions. This is important since flexo inks are water-based (rather than oil based
which are already hydrophilic) (Gómez, 2000; Stijnman, 2000). As a feedstock, wastepaper is
an appealing alternative to CB’s heavy fuel oil since paper is generally nontoxic, biodegradable
and the largest volume component of the U.S. waste stream (Sørum et al., 2001; The City of
San Diego, CA., 2013) (Figure 4.3). Though BC from wastepaper is somewhat less studied in
the scientiﬁc literature than agricultural and wood wastes (Lehmann & Joseph, 2015), paper is
comprised mainly of carbon, hydrogen, and oxygen (as is fuel oil) and very easy to pyrolyze
(Wu et al., 2002).
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Research Objectives
Based on this review, the goal of this study was to create a sustainable, carbon negative
BC derived from renewable biomass or biomass-based products which do not use fossil fuels
as a feedstock but replicates all the key pigment functional properties (e.g., particle size, hue,
durability, etc.) of CB. BC and CB are both created via high temperature thermochemical
conversion of carbon rich organic substances in the absence of oxygen. BC, however, is
fundamentally benign charcoal that sequesters CO2 and is safe in soils (Lehmann, et al., 2009)
whereas CB has a large carbon footprint (Lin et al., 2017) and poisonous to earthworms in soil
at >5% concentration (Zhao et al., 2017). Since prior work demonstrated the ultimate
properties of BC (particle size, surface area, porosity, etc.) can be carefully controlled by
selection of the raw feedstock material and pyrolysis conditions (e.g., temperature, heating
rate, choice of inert gas, etc.), it is postulated that the desirable qualities of CB for inks can be
replicated through a series of systematic trial-and-error experiments. Creating a more
sustainable ink by changing its pigment (i.e., what makes the black in black ink “black”) rather
than its carrier takes a fundamentally different tack from current suite of “green ink” offerings
which derive their claim to sustainability from containing soy-based drying agents with no
volatile organic compounds (VOCs) or contained in remanufactured print cartridges. Though
most prior work in the BC field has focused on agricultural residues as primary feedstocks
(i.e., corn stover, cow manure poultry litter, etc.), publications and patents indicate that printing
paper and cardboard can produce BCs with very favorable and consistent properties (Ghorbel
et al., 2015; Licht et al., 2015). If true, then opportunities abound for large generators of paper
waste and cardboard to convert these materials into saleable value-added products while
sequestering C02 and reduce their carbon footprint. This scenario represents a compelling
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opportunity to move toward a circular environmental and shareholder friendly economic model
(Figure 4.3). Creating a commercially viable “modern-day BB” “biochar ink” from paper,
cardboard, and other biomass BCs with a minimum of grinding and post-functionalization
treatments to displace CB would advance sustainability (Figure 4.4).

Figure 4.4 Research concept to create a sustainable wastepaper “biochar ink”.

Goals of this study:
•

Establish an optimal blend of pyrolytic conditions and feedstocks to create a
novel, cost-effective, environmentally friendly, and sustainable black pigment
able to be used in common consumer and commercial printing applications
(e.g., inkjet, lithography, and flexography).

•

Compare and contrast the advantages & disadvantages of direct heat and
microwave pyrolysis to create BC pigments.
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•

Ascertain “how small” a BC pigment be practically ground down to.

•

Determine the potential economic and environmental benefits of displacing CB
pigments with BC from wastepaper, cardboard, and other biomass feedstocks.

•

Coordinate with outside experts to understand how to formulate these pigments
into a viable biochar ink.

Research Materials and Method
4.4.1 Biochar Feedstock Sources
To gauge the potential supply of waste papers in the U.S. for BC pigments, a qualitative
and quantitative survey of wastepaper materials was conducted at a regional distribution center
of a large U.S. office supply firm (the company has five of these throughout the U.S.). Mixed
office paper (MOP), corrugated cardboard containers (CCC) (Figs 4.5, 4.6) were the largest
volume feedstocks at this facility (Table 4.1). Sizeable amounts of paper towels (having
packaging breaks and or water damage) and (cash) register tape was also available. Paper
towels are not a practicable feedstock since they have a value to resellers and are plastic

Figure 4.5 Waste office paper feedstock

Figure 4.6 Waste cardboard feedstock.
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wrapped, requiring more processing before pyrolyzation. Register tape was not tested due to
the low scale up potential (1% of total) (Table 4.1). As a result, MOP and CCC were selected
as the most promising due to their homogeneity and large availability (54,800 kg and 271,650
kg, respectively yr-1).
Table 4.1 Office supply distribution center wastepaper feedstock flow (annual) and BC
charactarization (@500 °C)

Parameter

Register Cardboard
Tape
(CCC)

Kg Feedstock
% of Total Feedstock
Biochar Yield at 500 °C
Estimated kg Biochar
Potential L of ink (4% loading)
Potential L of ink (8% loading)
Potential L of ink (16% loading)
H:C
O:C
Ash %

4,817
1%

271,650
83%
43%
116,809
1,460,123
730,061
365,030
0.68
0.23
8.4

Mixed
Office
Paper
(MOP)
54,800
16%
31%
16,988
212,352
106,176
53,088
0.56
0.01
20.2

In addition to MOP and CCC, cancelled surplus U.S. currency (USC), Eastern White Pine
(Pinus strobus) (EWP) softwood, and “non-recyclable” cardboard pulp (NRC) feedstocks
were also examined. USC is newly cancelled and shredded surplus $100 U.S. currency notes
obtained from the U.S. Federal Reserve Bank of Atlanta, New Orleans branch. Each district
of the Federal Reserve system annually pays commercial composters to dispose of several
dozen tons of imperfect USC after controlled shredding. EWP biochar was provided by Cornell
University (Ithaca, NY). USC composition is 75% cotton (plant fiber) and 25% wood fiber
whereas EWP is 100% wood fiber. USC is representative of a “very pure” scrap paper and was
specifically chosen to establish a benchmark from which to compare BC pigment produced
from “less pure” recycled paper sources. Likewise, EWP can be considered one of the “purest”
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natural wood fiber sources since it contains the fewest mineral contaminants (Enders et al.,
2012), available on a large scale (Little et al., 1980), and low cost to obtain. NRC was sourced
from Greenpac Mills in Niagara Falls, NY, which converts cellulose fibers from regionally
sourced consumer discarded paper and old corrugated cardboard waste into recycled
containerboard packaging. NRC itself is cardboard that cannot be recycled any further, since
cardboard can only be reused ~7x before the fibers become too short to bind together. It has
no economic value and is landfilled.
4.4.2 Biochar Production & Characterization Methods
MOP, CCC, and NRC were ground and homogenized in an aerated “13 series” hammer
mill provided by Schutte-Buffalo Hammermill, LLC in Buffalo, NY (Figures 4.7, 4.8) to
maximize surface area pre pyrolysis and to attempt to better replicate CB’s form. According
to Pionteck & Wypych (2007), CB density is typically in the range of 1700–1900 kg/m3,
whereas Lange et al. (2018) reported that pine softwood BCs have bulk density in the range of
140–420 kg/m3. USC was not hammer milled since it was already shredded. EWP was received
already pyrolyzed at 550 °C in oxygen-deprived conditions using a continuous feed slow
pyrolysis research kiln (Full Circle Biochar, CA) in the Leland Laboratory at Cornell
University. Before pyrolysis, EWP was air dried to ~8% moisture content and mechanically
processed in a standard commercial woodchipper to ~3-4 cm (Figure 4.17).
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Figure 4.7 Hammermill grinding of corrugated
cardboard

Figure 4.8 Waste copy paper after hammer mill grinding

Pyrolyzation of MOP, CCC, USC & NRC occurred in an inert nitrogen gas batch CM
1700 Series Rapid Temp Lab Furnace manufactured by CM Furnace of Bloomfield, NJ with
a variable Microwave Assist Technology (MAT) add-on component manufactured by Ceralink
Corporation of St. Clairsville, Ohio (Figure 4.9). The MAT furnace is unique in that it can
pyrolyze material with direct heat, microwave energy or a combination at the same time. For
each feedstock, HHT was set at 500 °C for one batch and a second at 1600 °C (15 °C /min
ramp, 1h residence). Though lower temperatures are more desirable from a sustainability
standpoint, 500 °C was chosen as a minimum to concentrate the BC’s black color. Studies

Figure 4.9 Direct Heat/Microwave Assist Technology Inert Atmosphere Kiln
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Figure 4.10 Physiochemical structure of charcoal across a charring temperature
gradient (Inyang & Dickenson, 2015).

have shown above 500 °C BCs have larger concentration of stable C and thus are darker. Here,
lighter colored (brown) volatiles are driven off and lignin, cellulose, and hemicellulose are
converted to pyrogenic amorphous char (Figure 4.10). Other studies indicate further increases
in processing temperatures only nominally increase stable C yields in EWP (Crombie et al.,
2013; Enders et al., 2012). At 500 °C BCs also tend to have significantly lower levels of
carcinogenic polyaromatic hydrocarbons (PAH) (Loeb & Harris, 2008), important from a
health perspective. Since CB is created at 1,650 °C (Figure 4.2), the feedstocks were also
processed at 1600 °C (the MAT’s upper safe operating temperature) to best mimic CB and
help determine if pigment quality is somehow related to crystalline structure or stable C
concentration. According to Lehmann and Joseph, (2015) at 1600 °C, all lignin, cellulose, and
hemicellulose in BCs are converted to high C content turbostratic crystallites. According to
Chaudry (2002), CB is functionally equivalent to graphite (hexagonal rings of carbon forming
large sheets) and possesses a well-organized para-crystalline structure (Donnet, 1982). Since
it was determined from the literature review that varying the nitrogen gas flow had no effect
on BC product yield (Figure 4.11), it was steadily supplied and fixed at 100 cm3 min-1 to set
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Figure 4.11 Biochar yield as a function of nitrogen gas flow (Özçimen &
Karaosmanoğlu, 2004).

the furnace pressure at 205 kPa. Though originally processed at 550 °C, EWP was further
pyrolyzed at a 15 °C /min ramp and HHT of 1600 °C for 1h to most accurately compare it to
the others. In separate batches, heating with microwave radiation alone was performed at a
frequency of 2.466 GHz and 3kW power (~3x greater than average microwave) for varying
periods of time. Though it was possible to combine microwave and direct heat concurrently,
each was performed separately. Surface area and pore size tests were completed utilizing a
Quantachrome NOVA 4000e N2 surface area analyzer. The BCs were also examined pre- and
post-carbonization using an x-ray fluorescence spectroscopy scanning electron microscope
(SEM-XRF) and evaluated using some of the International Biochar Initiative (IBI) standards
(Figure 4.12). One of these tests involves measuring each of the BC’s relative ratio of O:C and
H:C atoms via SEM-XRF which can reliably measure the “recalcitrance” or length of time a

Figure 4.12 Standard biochar tests (IBI Biochar Standards, 2021).
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BC can sequester carbon before returning to atmospheric form, as found by Bai et al. (2014)
and Spokas (2010). The recalcitrance of a BC is typically a direct function of processing
temperature and surface area.
4.4.3 Other Testing (NRC Grinding & HP61 Ink Characterization)
NRC 1600 °C was milled by Custom Processing Services (Reading, PA) in a LabStar wet
mill (NETZSCH-Feinmahltechnik, GmbH) to determine how small it could practically be
mechanically ground down to using advanced (and scalable) commutation equipment. NRC
was chosen for this testing due to the potential significant sustainability and sequestration
benefits derived by converting it into a useful product (rather than simply landfilling) whereas
MOP, CCC, and USC are typically recycled. Likewise, EWP is a very useful building framing
material and, if simply left alone a carbon sequestration. In general, if BCs could successfully
be ground below 2 µm, the likelihood of water-based BC pigment inks to be more competitive
with CB pigment inks for most modern printing applications increases significantly. The tests
involved NRC suspended in water (target solids of 10%), mixed in an industrial blender to
break up to a flowable size then ball milled for 3 8-hour shifts.
HP61 was selected as a typical consumer ink to evaluate since it is consistently the overall
best-selling printer ink on Amazon.com (as of January 1st, 2022). HP61 was characterized for
particle size distribution and zeta potential. Understanding particle size in a very widely used
ink will help cross reference the range of pigment sizes found in the literature review and guide
future BC comminution goals. Zeta potential measures the tendency for CB particles in an ink
to agglomerate or disperse and should therefore serve as a functionalization guideline to
compare future BC based ink formulations to.
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Results and Discussion
4.5.1 Characterization of Biochars as Potential Pigments
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Figure 4.13 (left to right) NRC pulp feedstock, NRC biochar & SEM XRF

It was discovered that MOP, CCC, and NRC contained high levels (sometimes > 35% by
mass) of silicon, aluminum, titanium and clay compounds (e.g., kaolin clay, Al2Si2O5(OH)4,
TiO2) which would complicate their purification to a more concentrated carbon level (Figures
4.13). Since TiO2 typically ranges from 0.25 to 0.4 μm its occurrence may interfere with
commutation due to its density (4.23 g/cm3) and hardness (6.0–6.5) (Hubbe, 2011). These
commonly added fillers in paper and cardboard could prove challenging to remove or negate.
Many impart a white color which would necessitate a larger loading of BC in flexographic
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Figure 4.14 (Left to Right) USC feedstock, SEM after 1600 °C pyrolization, SEM-XRF (TiO2 highlighted)
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Figure 4.15 XRF Elemental composition of USC 1600 oC
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inks (which typically contain between 8 and 12% CB) (Laden, 1996). It is postulated however,
the feedstocks could be pretreated by flotation as is very commonly done in paper recycling
(Nie et al., 1998) to remove many of these impurities before pyrolyzation.
As processed, USC 1600 °C appears to be the most promising of the four wastepaper
feedstocks (USC, CCC, MOP, NRC) since it has the fewest oxide mineral impurities (e.g.,
TiO2) to begin with compared to the others (Figures 4.14, 4.15). Likewise, EWP is a very
promising “natural” feedstock since it has none of the kaolin clay fillers or oxides found in
MOP, CCC and NRC that would lighten a pigment or need to be removed (Figure 4.16).
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Figure 4.16 (Left to Right) EWP Feedstock, 500 °C Biochar (Source: Akio Enders), SEM XRF

4.5.2 Microwave Pyrolysis vs Traditional Pyrolysis
Repeated testing showed that microwave treatment alone appeared not to impart any
advantageous effect on color or contaminant reduction compared to traditional radiant heat
pyrolysis. Anecdotally, microwaved BCs generally took half the time to process, perhaps
because, in microwave, the center heats up just as fast as the outside as opposed to radiant
which heats outwards in. Prior studies have shown microwave to make the entire pyrolysis
process much more energy efficient, especially with high moisture content feedstocks
(Macquarrie et al., 2012). Future studies should measure the amount of energy with a data
logger to determine an optimal combination of direct heat and microwave energy for different
feedstocks. A negative issue with microwave treatment was encountered using standard
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microwave high alumina crucibles. When BC reached temperatures > 700 °C a reduction
reaction between C and alumina occurred, resulting in significant aluminum and other
contamination of the BC (Figure 4.17). This was subsequently avoided by using zirconium
oxide vessels which are unreactive to C.
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Figure 4.17 (Left to Right) Aluminum reduced during microwave heating, XRF

4.5.3 NRC 1600 °C Commercial Grinding Results
After two hours of ball mill grinding, a particle size d50 of 6.3 μm, d90 of 10.6 μm, and a
d99 of 15.1 μm were reached (measured with a Malvern Mastersizer 3000 Laser Diffractor).
Surfactant Triton X-100 (1%) and DI water were added to decrease viscosity from 7.5% solids
back to 10% due to evaporation. At the end of the first 8-hour period d50 was 1.8 μm, a d90
of 3.5 μm and a d99 of 6.1 μm. After two hours of milling of the second 8-hour shift, d50
actually had a slight increase of 0.3 μm. This slurry was more viscous and further diluted with
water to 4.5% solids. At the end of the second 8-hour shift Triton X-100 was increased from
1% to 1.5% to discourage flocculation and d50 improved to ~1 μm and d99 ~2 μm. The third
8-hour shift ended with a solids percentage of 7.48% owing to evaporation (Figure D.4) and
no improvement (i.e., reduction) in size from the 2nd shift. These results suggest that 10-16
hours milling time was ideal with and upper limit to reduction in pigment size at 16 hours.
While promising, this procedure needs to be further researched and reperformed in future
studies using “cleaned” feedstock. Overall, results indicate that it is possible for NRC to be
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comminuted to an acceptable range for commercial litho and flexo inks where particle size
between 1 and 2 μm is desired.
4.5.4 HP61 Ink Characterization
According to Nimesh et al., (2017), zeta potential is an important and readily measurable
indicator of the stability of colloidal dispersion (i.e., measuring the magnitude of the
electrostatic or charge repulsion/attraction between particles). The zeta potential of HP61 was
measured as -48.8 mv with a SD of 7.98 mv (Figure 4.18), indicating stability (i.e., the CB in
solution will resist aggregation). Stability is important insomuch as small particles can clump
and form large conglomerates, defeating the purpose of grinding. The BC pigments produced
should ideally be functionalized to attain this level of stability in a similar solution. Particle
size distribution, conductivity and pH were measured (Figures 4.19, D.4). Producing a

Figure 4.18 Zeta potential, HP61 baseline ink
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“synthetic” HP 61 water-based ink from CB pigment would help establish the process from
which BC pigments would be turned into ink.

Figure 4.19 Particle size distribution by laser diffraction, HP61 baseline ink

4.5.5 Potential Economic Benefits of Biochar vs. Carbon Black Based Inks
According to industry consultants, CB’s “market volume will increase to more than 15
million tonnes” and “the global carbon black market will surpass a value of $25 billion,
growing with a CAGR of over 4%” (CMR Institute, 2016). Specifically, “the global printing
inks market is [forecasted] to reach $23.9 billion by 2023. The rising importance of printed
materials in various end-use industries such as packaging, labeling and advertising are likely
to spike the demand for printing inks worldwide” (P&S Intelligence, 2017). Given the
“growing shift towards environment-friendly printing inks” (PR Newswire Association LLC,
2021), it stands to reason that a BC ink that can be produced for as much or less than the CB
standard becomes the product of choice for the sustainability-minded consumer.
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A contact at Sid Richardson (now Tokai Carbon) sales, customer service, and technical
service office in Akron, OH, said it is reasonable to estimate the average cost of CB to range
between $4.09 and $5.51 kg-1 (average $4.80 kg-1). Using these figures, a typical black inkjet
cartridge contains between .08 and .16 g or $.00038 and $.00077 worth of CB given that
standard inkjet cartridges contain 10ml of ink (and there are 100 10ml units per L) (Walker,
2022). Given a HP61 cartridge is $21.69 (as of January 1st, 2022) the CB therein only
represents 3.55 10-3 % of the total retail cost. A BC ink cartridge (of the same loading rate)
would contain between $.00029 and $.00058 of BC given the average cost of U.S. BC (n=17)
is $3.63 kg-1 (International Biochar Initiative, 2022), representing a 24.7% cost advantage over
CB. If BC was somehow 100x more expensive due to extra loading or functionalization, it
would only add 7.7 cents to the cost of the $21.69 cartridge. It seems plausible that the average
sustainability-minded consumer would not hesitate to pay an extra 7.7 cents for the “green”
alternative, assuming it meets all their functional needs. More braodly speaking, if the
estimated .73 106 t of CB used in all black inks (i.e. flexo, etc.) were simply replaced with BC
that cost $3.63 kg-1 to manufacture, it could result in a annual savings to industry of $854.1
million. The main caveat to these figures is that post-processing functionalization costs (i.e.,
grinding, chemical treatment, etc.) will be higher, narrowing the savings.
The amount of BC able to be created at the office supply distribution facility detailed in
Table 4.1 was calculated based on previous work in the literature and the volume of wastepaper
and cardboard generated. With an average 43% and 31% C recovery of corrugated cardboard
and mixed office paper respectively at 500 °C (Zhou et al., 2013), it is projected that > 100,000
kg of BC could be produced annually from this one distribution center. Assuming the same
.08 and .16 g loading, pigment for more than a million liters of ink could theoretically be
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created, theoretically filing .8 109 to 1.6 109 10 ml ink jet cartridges and completely eliminate
CB use in inkjet printers (estimated at 3.75 106 cartridges per year in the U.S. according to
Iowa Department of Natural Resources).
4.5.6 Potential Environmental Benefits of Biochar vs. Carbon Black Based Inks
Table 4.2 CO2-eq of carbon black (highlighted) (Chikri & Wetzels 2020)

A common measurement of how much environmental impact is created or mitigated is
expressed in terms of global warming potential (GWP) or CO2-eq kg-1. In this regard, BC
pigments possess a large negative CO2-eq differential to CB. Creating a kg of CB generates
3.3 CO2-eq whereas cardboard BC is -0.1 and non-recylacble paper -0.7 respectively (Figure
4.2). According to Chikri and Wezels (2020), CB’s sizeable footprint is the consequence of

Table 4.3 Mass balance to produce 1 tonne of carbon black. (Chikri & Wetzels 2020)

obtaining, refining, shipping and burning 1.83 kg of heavy fuel oil and .21 kg of natual gas per
kg CB produced (Table 4.3). BCs are “carbon negative” since the majority of their feedstock’s
carbon is converted to a recalcitrant form as opposed to releasing (Alhashimi & Aktas, 2017).
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Recalcitrance of BCs measure their ability in years to keep a unit of carbon from returning to
the atmosphere. In addition to large GWP sequestration potential, BC pigments are more
sustainable than conventional CB due to their lower amount of energy input. It is well known
that pyrolysis of organic material at temperatures < 500 °C is generally exothermic (i.e. more
energy is released than consumed), whereas producing CB at 1650 °C is overwhelmingly
endothermic (i.e. more energy is consumed than released). Processing temperatue, therefore,
relates inversely to the pigment’s sustainability.
Studies have confirmed that waste paper and cardboard BCs’ H/C and O/C ratios are
inversely related to processing temperature and lowers dramatically at temperatures over 400
°C for paper and 750 °C for cardboard (Figure 4.20). At this point most of the “loose”
hydrogen and oxygen molecules are driven off, resulting in high elemental carbon content. The

Figure 4.20 O/C to H/C Van Krevelan diagram for biochars
made from office paper and used cardboard (Zhou, et al., 2013)

positive relationship between H/C and O/C ratios and rate of carbon degradation in soils is
well established (Figure 4.21).
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Figure 4.21 Rate of carbon degradation in BC as a function of O:C, H:C
ratios and temperatures (Bai, et al., 2014)

This sequestration relationship has important sustainability implications since,
according to the EPA (2022a), over 25% of the MSW stream in the U.S. is comprised of paper
and cardboard. In particular, the office supply firm previously mentioned can easily calculate
the carbon offset benefits of converting its paper wastes to BC-based pigment by multiplying
the potential total amount of BC created from all its distribution facilities by the weighted
GWPs found in Table 4.21. Though the firm could offset a significant amount of carbon
emissions (~330 t CO2-eq) by converting their paper wastes to BC, it would preclude that
material from being recycled into paper and cardboard again which itself has a positive GWP
benefit compared to virgin material. It makes sense, therefore, to create BC from the fraction
of this continuous waste stream that cannot be recycled any further which has the added benefit
of having one of the highest GWP sequestration values -0.7 CO2-eq kg-1 (Figure 4.22). Even
if not “perfect,” a slightly brown or lower resolution NRC ink could still potentially satisfy

87

many functional standards for box packaging but offer a substantially lower environmental
impact compared to CB.
An extension of this research would be to determine if indoor/office air quality would
benefit, be unchanged, or be negatively affected if BC ink was substituted in a copier ot ink jet

Figure 4.22 CO2 eq kg-1 GWP of BCs (highlights added) (Alhashimi & Aktas, 2017).

printer in lieu of traditional CB ink. To do so, a sealed environmental test chamber setup
comparing any differences in volatile organic compound (VOCs) or particulate emissions
between traditional and BC inks could be constructed.

Conclusions
4.6.1 Discussion
The key takeaway from this research is that a new potential category of BC feedstock
pigments has been created and can be considered more sustainable than current traditional CB
offerings since 1) their source of color is derived from renewable waste products rather than
nonrenewable fossil fuels and 2) their CO2-eq is negative. As with most goods, however, those
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with the highest embodied energy are usually agreed to be the most effective or desirable and
CB inks (which have been the most processed) are generally considered of the highest quality.
Future studies will attempt to strike a new balance between quality and sustainability observing
that not every application needs the “best” ink available but rather for many purposes “good
enough” is more than adequate to achieve a desired printing goal. For example, is “perfectly”
100% opaque generic brand advertising on the outside of cardboard shipping boxes completely
necessary or would “less perfect” 70% opaqueness have exactly the same desired effect but
without any hidden embodied environmental costs? It seems for many non-critical, one time,
everyday use purposes BC ink has the most significant potential to displace some of the CB
that has become embedded in plain sight of society. Before that can happen, however, more
work in the lab needs to be performed to understand what is the “finest quality” BC pigment
that could possibly be made and how the environmental full-cost accounting of fuctionalizing
that actually compares to CB. Lastly, since all cardboard manufactured today eventually either
gets thrown away or recycled and then thrown away, being able to divert the unrecyclable
portion from the landfill and perhaps eventually utilizing energy efficient microwave furnaces
to convert that material to an upcycled, carbon-negative, value-added product appears the most
promising way to achieve a more sustainable method of printing reminiscent of the preindustrial era.
While promising, it appears the limiting factors in making a functional BC ink will be a
combination of particle size and lightening agents found in each feedstock. The most
sustainable option is to create BC from cardboard that cannot not be recycled any further (i.e.,
cardboard can only be recycled approximately seven times before needing to be disposed of)
due to its availability in abundance and the fact that it is landfilled with no other use (Manser

89

& Keeling, 1996). In other words, it does not make sense to prevent a wastepaper that could
be more economically recycled then converted to ink from being recycled, and this should be
investigated in future studies.
4.6.2 Key Findings & Results
•

A new potential category of sustainable black printing pigments was successfully
fashioned by selecting and finely grinding wastepaper BCs.

•

The main limiting factor to the integration of BC in the multi-billion-dollar commercial
flexography, lithography, and ink jet markets appears to be its large average particle
size (~2 μm) compared to CB (~0.5μm).

•

BC feedstocks will require additional cleaning to be able to be ground further and
match CB’s optical density (inverse relationship exists between particle size and depth
of black hue). Because the average cost of CB is $4.80 kg-1 and BC $3.63 kg-1, this
processing cannot be more than $1.17 kg-1 for BC to be “cost equivalent” to CB.

•

Capturing just 1% of the $23 billion global ink market by 2023 would represent the
potential for more than $200 million in sales. This is plausible since “Sustainable” ink
products are one of the fastest growing segments of the market.

•

It is estimated that the annual mixed office wastepaper and cardboard flows at just one
office supply distribution center could be converted into ~200 metric tons of BC,
providing enough pigment for almost a million liters of BC ink (assuming an 8%
loading rate).

•

NRC contains significant amounts of inorganic matter additives such as kaolin clay,
titanium dioxide (TiO2), or calcium (Ca) that would require additional processing to
achieve the darkest color possible.
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•

Feedstocks should ideally contain as few impurities as possible since different
chemical dispersants may be needed to remove each one. In this regard EWP is superior
to wastepaper.

•

From a decarbonization standpoint, BC pigment created from NRC sludge has the best
GWP sequestration values at -0.7 CO2-eq kg-1.

•

In subsequent empirical studies performed by Goh, et al., (2021) using EWP, both the
functionalized 27% [loading rate] EWP 550 °C and 40% [loading rate] EWP 1600 °C
closely matched the Performa 4CPC K ink standard (Figure 4.23).

Figure 4.23 Dot area performance in flexographic prints comparing Performa 4CPC K, 27% EWP 550
°C, and 40% EWP 1600 °C (Goh, et al., 2021)

4.6.3 Suggested Future Research Activities
•

Partner with a commercial ink manufacturer to functionalize the most promising BCs
into a CB replacement. The goal to produce a sustainable ink from BC that can achieve
“good enough” black density for common applications such as packaging box marking.

•

Clean NRC feedstock by flotation, pyrolyze and retest for contaminants.
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•

Directly measure via a data logger varying amount of direct heat and microwave energy
combinations to minimize the total amount of energy (and cost) to create the BCs.

•

Test paper towel BC as a potential pigment since it lacks many of the containments
found in waste cardboard.

•

Test various proportions of BC and CB pigments blends to see if BC could be added
to CB as a filler without reduction in performance.

•

Once functionalized, partner with a cardboard flexography printing firm to imprint
actual cardboard shipping boxes with BC ink to demonstrate potential scale up.
Likewise, test BC ink in various consumer products (e.g., pens, inked stamps, markers,
felt-tip markers, etc.).
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Chapter 5: Conclusions and Recommendations for Future Work
Atmospheric CO2 levels are at their highest level in the past 400,000 years, contributing to
global warming and climate change. Human activities are continuously adding more and more
carbon into the environment than any other time in history and there is no easy way to remove
or capture this carbon from the atmosphere or ocean. Organic material such as trees only very
temporarily store carbon until they decay or burn and rerelease this stored carbon as CO2.
Biochar has been proposed as being part of a solution since it removes CO2 by converting
organic material into a “stable” or recalcitrant form which will not return to the environment
for potentially thousands of years, depending on feedstock and pyrolysis conditions. Roberts
et al. (2009) found that biochar can reduce net life cycle greenhouse gas 800 kg CO2-eq per
1,000kg of organic feedstock (80%) and biochar typically has high surface area (up to 600
m2/g), enabling excellent water and nutrient retention. The main goal of this dissertation
therefore was to assess the practicality of biochar to filter aqueous wastes, sequester carbon,
reduce our dependency on fossil fuels, and create a value-added product from otherwise
“worthless” solid organic wastes.
To gain a better understanding of biochar’s ability to treat aqueous wastes, the overall
goal of Chapter 2 was to ascertain if biochar could effectively and economically filter high
BOD food effluents which then could be added back to the soil safely to increase food
production sustainably and profitably. A study of what the EPA does and does not consider
“drinking water contaminants” revealed that food effluents are regulated but not to the level of
more traditional industrial inorganic and organic wastewaters (e.g., heavy metals, herbicides
and dyes). As such, most studies use biochar to treat these “non-food” wastewaters where
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treating BOD with biochar hasn’t received a lot of scientific attention since they typically don’t
cause direct injury to humans.
Based on the empirical studies performed and interactions with industrial experts,
traditional “turn-key” GAC filtration systems should easily lower most tofu manufacturers’
(and dairy and brewery by extension) BOD effluent concentrations below the requisite 300 mg
L-1 and avoid POTW surcharges. The major unknown variables are the exact upfront (fixed)
and ongoing operating (variable) costs of running such a system. These figures are not
determinable through the traditional scientific or industry literature due to filtration equipment
firms’ reluctance to divulge prices to competition and hesitation to make any generalizations
without knowing specifics of a project. These firms will gladly, however, provide quotes to
the food processing companies themselves. It is recommended therefore that producers engage
GAC filtration equipment providers to find those exact costs and calculate if that new system
will provide a higher lifetime net present value (NPV) compared to the NPV of paying annual
POTW waste surcharges. Since no large-scale biochar supply chain currently exists in NYS or
the U.S., these firms should rely on existing activated carbon materials until the market matures
and new suppliers enter the market. The benefit of using activated carbon first is that firms can
gain practical knowhow in running the system with a “known” before introducing biochar as
the filter media. Ideally and eventually, the firm should produce its own biochar or regional
partnership to take in low or negative cost wastes, convert to biochars, and save on filtration
media and tipping fees of the organics that would otherwise have to be disposed of.
Future research in this area should more closely examine the relationship between BET
surface area, average pore size, and total pore volume on BOD reduction with a broader range
of biochar feedstocks and food processing effluents. It was found that some biochars were
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more efficient (e.g., g required per BOD removed) at filtering certain types of waste than others
and therefore the association between each biochar’s unique ionic surface chemistry and effect
on adsorption efficiency should be explored. The question of what to do with the filtered
nutrient rich biochar was then raised. It was determined that the best course of action is to test
this biochar mix in actual greenhouse crop trials, preferably matching the biochar feedstock
region to the crop region to reduce shipping costs and environmental impact.
A system to recycle nutrients from food processing effluents with biochar was proposed in
Chapter 3, expanding on the previous chapter’s work firmly establishing biochar adsorbents’
ability to dramatically reduce high strength BOD in wastewater discharges from food
processing plants. This approach exploits biochar’s well-documented ability to increase fresh
weight in greenhouse crops but with the added benefit of the adsorbed “BOD fertilizer.” In
subsequent greenhouse trials performed by plant scientists, this tofu whey-filtered maple
biochar greatly increased yields in greenhouse-grown basil and lettuce (Barber et al., 2018).
This nutrient-laden biochar was particularly effective at the 5% filtered amount (i.e., 5% v:v)
and 10% unfiltered amount. In other words, only half the nutrient laden biochar was necessary
to dramatically improve yield compared to unfiltered biochar. With this data, the maximum
price biochar supplements could be to growers of basil and lettuce before they “lose money”
was calculated. These results estimated the value of biochar to growers as significantly above
the average selling price of biochar in the U.S. (according to the International Biochar
Initiative). This economic analysis (based on empirical data from the greenhouse trials) could
help create a profitable market for biochar without policymakers having to put a price on C02eq, since the process appears profitable on its own merits without the need for subsidy.
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The overall research thrust of Chapter 4 was to understand the ability of waste papers,
cardboard, and other biomass to be converted to biochar and then into a sustainable pigment
replacement for black inks. Technically this is plausible since all black inks get their
“blackness” from simply concentrating carbon in a liquid carrier. It is surmised this technique
has not been seriously attempted in recent times due to the excellent economies of scale to
produce carbon black over the last 100 years and abundance of low-cost natural gas feedstock.
Producing biochar via microwave pyrolysis did not appear to impart any advantageous effect
on pigment structure or color compared with traditional pyrolysis. Since previous studies have
shown microwave’s potential to make the entire process more energy efficient, future studies
should compare the actual amount of energy from both direct heat and microwave with a data
logger. Since HHT is somewhat irrelevant with microwave (i.e., one sets the time and power
amount rather than temperature), the H:C & O:C ratios of the finished microwave biochar need
to be tested to correlate the time of a fixed microwave energy input to a given “traditional
pyrolysis” HHT temperature since low H:C and O:C ratios correlate to a darker color. In
addition, pretreatment with microwave and finishing with direct heat could be examined for
high moisture feedstocks to find the most energy efficient two-step combination of
drying/pyrolyzation.
The research completed showed promising results from the currency and Eastern White
Pine biochars since they had fewer of the contaminant fillers (which act as whitening agents)
found in every wastepaper and cardboard feedstock. The other main potential limiting factor
in producing a viable biochar ink was large particle size. Particle size per se can be overcome
with specialized sub-micron wet-mill grinding methods but even this has its limits due to the
metallic contaminants which are much more resistant to commutation than carbon compounds.
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Developing and refining feedstock-specific chemical pretreatments to remove these in advance
are key to advancing this technology with recycled paper products. Analysis showed that the
“most sustainable” option is to create biochar from cardboard that could not be recycled any
further (i.e., cardboard can only be recycled approximately seven times before needing to be
disposed of) due to its sheer abundance and that it is landfilled with no other economic use.
Future studies should examine this “non-recyclable” waste cardboard pulp more closely by
grinding it as finely as mechanically possible and retesting with the broadest range of
purification techniques available. The ability to remove these impurities easily and
inexpensively at scale could open a vast new “free” resource for black ink pigments. In
addition, future studies should test various proportions of biochar and carbon black pigments
together to ascertain how much biochar could be added to carbon black before printing
performance falls below a required quality standard for different applications. For example,
adding 10% non-recyclable cardboard pulp biochar to 90% pure carbon black may have no
noticeable effect on quality but will decrease the ink’s environmental and CO2-eq impact.
Whatever the proportion, taking the waste of one process and using it as an input for another
will create a new “circular economy” ink production model, helping lessen the demand for
fossil fuels.
Other future research extensions identified in the course of this work surround the
practicality of sourcing, processing, and distribution of biochar feedstocks and the economics
involved. For example, would a regional mobile pyrolysis or centralized “hub and spoke”
system be the most profitable given a particular feedstock? Could public-private partnerships
such as the “Green Bank of New York” and similar government agencies jumpstart a large
scale “filtration to fertilizer” system with low interest capital equipment financing? For
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treating food processing wastewaters, how low would the “breakeven” interest rate have to be
for a biochar filtration system versus that of an anaerobic digestor? Additionally, how would
the economics of the system change if the government assigned a price to C02e and the carbon
credits sold? For agriculture, more refined plant growth experiments should be performed
between the 0% and 5% filtered biochar range to fully optimize application rates as well as
matching the optimal crop(s) (e.g., corn soybeans, forage) for biochar filtered with different
effluents (e.g., dairy, tofu, brewery). As part of a larger dairy farm biorefinery system, biochar
can play a key role in 1) using the CO2 produced from an anaerobic digester to create biochar,
2) filter the digestate to lower lagoon BOD, and 3) fertilize and return carbon to local forage
fields.
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Appendix A: Chapter 1: Supplementary Information

Figure A.1 The first known written reference to terra preta
(Smith, 1879).

Figure A.2 “Biochar” U.S. internet word cloud, 12/2021, Source: Tagxedo.com
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Appendix B: Chapter 2: Supplementary Information

Figure B.1 Quantachrome Nova 4200e BET surface
area & pore size analyzer

Figure B.2 BET surface area, grapeseed biochar
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Figure B.3 BET surface area, okara biochar

Figure B.4 BET surface area, maple biochar
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Figure B.5 BET surface area analysis, cherry pit
biochar
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Appendix C: Chapter 3: Supplementary Information
Figure C.1 Monroe County, NY Sewer Law

Article X
Imposition and Computation of Sewer Surcharge (Abridged)
Section 10.1 Imposition of Sewer Surcharge
Section 10.2 Formulation of Sewer Surcharges
Section 10.1 Imposition of Sewer Surcharges: In addition to any other tax, fee, charge or sewer rent imposed
or levied for the construction, maintenance, operation, repair, improvement and management of the County
Sewer System or any public sewer tributary, thereto, the owner or lessee of any parcel or real property
connected with such system or sewer, including, but not limited to, real property connected to such system by
means of a private sewer or drain discharging into the County Sewer System or any public sewer tributary
thereto, shall pay a sewer surcharge for discharging the following:

A. Any sewage, industrial wastes or other wastes in which the characteristics resulting from
the pollutants contained therein exceed the maximum values as stated in the definition of
“normal sewage” in the Rules and Regulations, or

B. Any waters discharged from storm water connections from any building or yard, any drain
from catch basins, lakes, swamps, ponds or swimming pool drains, or any other source of
cooling waters as defined in Sections 2.21 or 4.1, except with permission of the Director
as evidenced by a properly issued permit or where discharge is to an identified
“combined” sewer system, or

C. Any ground waters which enter the County Sewer System by infiltration of local
sewage collection systems.

Section 10.2 Formulation of the Sewer Surcharge: The formula for the sewer surcharge shall be computed by
the Director. The amount of the surcharge shall be the product of the surcharge factor and the established
District charge for operation and maintenance. The general form for the determination shall be as follows:
S.F. =

A(BOD-300
300

B(SS-300)
300

Where:
S.F.
BOD
SS
CLD
P

Surcharge Factor
Milligrams per Liter of Biochemical Oxygen Demand,
as defined in Section 2.14
Milligrams per Liter of Suspended Solids, as
defined in Section 2.61
Milligrams per Liter of Chlorine Demand, as
defined in Section 2.18
Milligrams per Liter of Phosphorus, as
defined in Section 2.37
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C(CLD-25)
25

D(P-10)
10

A
B
C
D
Notes:

1.
2.

Proportion of operation and maintenance cost to
treat a lb. of Biochemical Oxygen Demand (BOD)
Proportion of operation and maintenance cost to
treat a lb. of Suspended Solids (SS)
Proportion of operation and maintenance cost to
treat a lb. of Chlorine Demand (CLD)
Proportion of operation and maintenance cost to
treat a lb. of Phosphorus (P)
A, B, C, D are decimal portions of the total operation and maintenance costs for each District.
The values shall be determined by the Director on a yearly basis from data accumulated during
each preceding year from the actual operation and maintenance costs.
If any of the values for BOD, SS, CLD, or P as determined by laboratory analysis are
less than the respective normal values stated in the Rules and Regulations, the factor for that
pollutant shall be eliminated from the formula.

Example - Treatment Charge Based on Volume
Any industry discharges into the public sewer system wastes which have been found to contain the following:
BOD5 -630
mg/l
- normal value
300 mg/l
SS280
mg/l
- normal value
300 mg/l
CLD
-50
mg/l
- normal value
25 mg/l
P
-45
mg/l
- normal value
10 mg/l
Monthly volume of discharge = 100,000 gallons Normal O&M sewer charge = $.70/1,000 gallons
Values for A, B, C, D are, respective -.53, .35, .08, .04
SF = .53(1.1) + .08(1.0) + .04(.14)
SF = .67
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Figure C.2 Preliminary BC gravity filter results

Figure C.3 Unfiltered maple biochar, 156x
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Figure C.4 Unfiltered maple biochar, 228x

Figure C.5 Maple BC filtered with 1:10 diluted tofu whey, 1000x
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Element
C
O
Al
P
K
Ca

Concentration
55.136
34.079
2.221
1.177
3.989
3.397
100.000

No Cobalt to start

Figure C.6 Unfiltered maple BC, 1000x

Element
C
O
Na
Mg
Al
K
Ca
Co

Concentration
45.460
46.245
0.584
1.061
0.773
1.220
1.553
3.104
100.000

3.1% Cobalt added

Figure C.7 Maple BC filtered with 1:10 diluted tofu whey, 1000x
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Figure C.8 Unfiltered grapeseed BC, 400x

Figure C.9 Grapeseed BC filtered with tofu whey, 1000x
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Element

Concentration

C
O
Mg
Al
Si
P
S
Cl
K
Ca

46.618
30.762
2.205
1.218
0.577
3.300
0.742
1.203
5.311
8.063
100.000

No Cobalt
Figure C.10 Unfiltered grapeseed BC

Figure C.11 Unfiltered soybean curd residue BC, 500x
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Elements

% Weight

C
O
Mg
Al
Si
P
S
K
Ca
Co

27.960
39.425
2.650
0.628
0.674
7.849
1.620
5.682
11.522
1.989
100.000

High initial Cobalt
Figure C.12 Unfiltered soybean curd residue BC, 400x

Element

% Weight

C
O
Na
Mg
Al
Si
P
S
K
Ca
Co

44.088
31.889
8.329
0.781
0.999
0.595
0.395
5.728
2.027
2.400
2.769
100.000

Cobalt added
Figure C.13 Soybean curd residue BC filtered with tofu whey
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Figure C.14 Soybean curd residue BC filtered with 1:10 diluted tofu whey, 1000x

Figure C.15 Unfiltered activated carbon, 156x
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Element

Concentration

C

57.353

O

32.772

Mg

1.717

Al

1.629

P

1.049

K

2.403

Ca

3.077
100.000

No Cobalt to start
Figure C.16 Unfiltered activated carbon, 1000x

Element

% Weight

C
O
F
Mg
Al
S
Cl
K
Ca
Co

50.039
40.477
4.299
0.480
0.517
0.742
1.308
0.484
0.335
1.318
100.000

1.3% Cobalt Added
Figure C.17 Activated carbon filtered with tofu whey, 690x
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Figure C.18 Activated carbon filtered with tofu whey, 88x

Table C.1 Tofu Whey nutritional characterization

Tofu Wastewater
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Figure C.19 Proximate & ultimate analysis of tofu whey

Table C.2 Addition of biochar on lettuce crop yield (Barber, et al., 2018).
Carbon

% Biochar

Fresh weight (g)

Standard Error

Fresh Weight
vs. Control (%)

Control, no BC
MB, unfiltered

0
5
10
20
0
5
10
20
0
5
10
20

115
139
159
140
115
158
153
151
115
130
149
138

10.34
9.6
9.3
8.23
10.34
6.36
8.71
7.31
10.34
10.50
14.19
9.49

21
39
22
38
34
31
13
29
20

Control, no BC
MB, filtered
Control, no BC
GWB, unfiltered
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Table C.3 Addition of biochar on basil crop yield (Barber, et al., 2018).
Carbon

% Biochar

Control, no BC
MB, unfiltered

0
5
10
20
0
5
10
20
0
5
10
20

Control, no BC
MB, filtered

Control, no BC
GWB, unfiltered

Fresh Weight
Basil (g)
23
139
159
140
23
158
153
151
23
31
31
33
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Standard Error
.96
2.21
2.73
1.27
.96
1.92
1.22
2.93
.96
1.6
2.73
2.66

Fresh Weight vs.
Control (%)
21
39
22
38
34
31
13
29
20

Appendix D: Chapter 4: Supplementary Information
Figure D.1 Categories of Paper Waste (The City of San Diego, CA., 2013)
Common Types of Paper Waste
Uncoated Corrugated Cardboard usually has three layers. The center wavy layer is sandwiched between the two outer
layers. It does not have any wax coating on the inside or outside. Examples include entire cardboard containers, such as
shipping and moving boxes, computer packaging cartons, and sheets and pieces of boxes and cartons. This type does not
include chipboard boxes such as cereal and tissue boxes.
Paper Bags means bags and sheets made from kraft paper. The paper may be brown (unbleached) or white (bleached).
Examples include paper grocery bags, fast food bags, department store bags, and heavyweight sheets of kraft packing paper.
Newspaper means paper used in newspapers. Examples include newspaper and glossy inserts found in newspapers, and all
items made from newsprint, such as free advertising guides, election guides, and tax instruction booklets.
White Ledger Paper means bleached, uncolored bond, rag, or stationery grade paper, without ground wood fibers. It may
have colored ink on it. When the paper is torn, the fibers are white. Examples include white paper used in photocopiers and
laser printers, and letter paper.
Colored Ledger means colored bond, rag, or stationery grade paper. When the paper is torn, the fibers are colored
throughout. Examples include colored photocopy and letter paper. This type does not include fluorescent dyed paper or
deep-tone dyed paper such as goldenrod colored paper.
Computer Paper means paper used for computer printouts. This type usually has a strip of form feed holes along two
edges. If there are no holes, then the edges show tear marks. This type can be white or striped. Examples include computer
paper and printouts from continuous feed printers. This type does not include white ledger used in laser or impact printers,
nor computer paper containing ground wood.
Other Office Paper means paper used in offices other than ledger and computer paper. Examples include manila folders,
manila envelopes, index cards, white envelopes, white window envelopes, notebook paper, ground wood computer paper,
junk mail, and carbonless forms. This type does not include white ledger, colored ledger, or computer paper.
Magazines and Catalogs means items made of glossy coated paper. This paper is usually slick, smooth to the touch, and
reflects light. Examples include glossy magazines, catalogs, brochures, and pamphlets.
Phone Books and Directories means thin paper between coated covers. These items are bound along the spine with glue.
Examples include whole or damaged telephone books, yellow pages, real estate listings, and some non-glossy mail order
catalogs.
Other Miscellaneous Paper means items made mostly of paper that do not fit into any of the other paper types. Paper may
be combined with minor amounts of other materials such as wax or glues. This type includes items made of chipboard,
ground wood paper, and deep-toned or fluorescent dyed paper. Examples include cereal and cracker boxes, unused paper
plates and cups, goldenrod colored paper, school construction paper, butcher paper, milk cartons, ice cream cartons and
other frozen food boxes, pulp paper egg cartons, unused pulp paper plant pots, and hard cover and soft cover books.
Remainder/Composite Paper means items made mostly of paper but combined with large amounts of other materials such
as wax, plastic, glues, foil, food, and moisture. Examples include waxed corrugated cardboard, aseptic packages, plasticcoated paper milk cartons, waxed paper, tissue, paper towels, blueprints, sepia, onion skin, fast food wrappers, carbon paper,
self-adhesive notes, and photographs.
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Figure D.2 –CCC feedstock with clearly visible
cellulose fibers 230x

Figure D.3 - CCC biochar 1600 oC, 200x

Figure D.4 Zeta potential, particle size and physical properties, HP61 ink
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Figure D.5 Yield report, NRC grinding by wet method
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